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Abstract. Global ocean biogeochemistry models currently
employed in climate change projections use highly simpli-
fied representations of pelagic food webs. These food webs
do not necessarily include critical pathways by which ecosys-
tems interact with ocean biogeochemistry and climate. Here
we present a global biogeochemical model which incorpo-
rates ecosystem dynamics based on the representation of
ten plankton functional types (PFTs): six types of phyto-
plankton, three types of zooplankton, and heterotrophic pro-
caryotes. We improved the representation of zooplankton
dynamics in our model through (a) the explicit inclusion
of large, slow-growing macrozooplankton (e.g. krill), and
(b) the introduction of trophic cascades among the three zoo-
plankton types. We use the model to quantitatively assess
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the relative roles of iron vs. grazing in determining phyto-
plankton biomass in the Southern Ocean high-nutrient low-
chlorophyll (HNLC) region during summer. When model
simulations do not include macrozooplankton grazing ex-
plicitly, they systematically overestimate Southern Ocean
chlorophyll biomass during the summer, even when there
is no iron deposition from dust. When model simulations
include a slow-growing macrozooplankton and trophic cas-
cades among three zooplankton types, the high-chlorophyll
summer bias in the Southern Ocean HNLC region largely
disappears. Our model results suggest that the observed low
phytoplankton biomass in the Southern Ocean during sum-
mer is primarily explained by the dynamics of the South-
ern Ocean zooplankton community, despite iron limitation
of phytoplankton community growth rates. This result has
implications for the representation of global biogeochemical
cycles in models as zooplankton faecal pellets sink rapidly
and partly control the carbon export to the intermediate and
deep ocean.
1 Introduction
Phytoplankton, zooplankton and heterotrophic bacteria (in-
cluding both Bacteria and Archaea, herein called “bacteria”)
in the oceans control important ecosystem processes and ser-
vices (Ducklow, 2008), including primary, secondary and ex-
port production. Primary production, i.e. the production of
organic matter by photoautotrophs using inorganic nutrients,
can be either particulate and serve as food for heterotrophs,
from protists to fish larvae, or dissolved and used by bacteria.
Secondary production, the fraction produced by zooplank-
ton grazing on phytoplankton, other zooplankton, or organic
detritus, serves as food for larger organisms in the ocean, in-
cluding fish and mammals. Export production, the fraction of
primary production that sinks below the surface mixed layer,
exerts an influence on marine biogeochemistry and climate
as sinking organic matter remineralised to inorganic matter
at depths becomes isolated from the atmosphere for decades
to centuries. Export production responds primarily to the ac-
tivity of large plankton, particularly the production and sink-
ing of faecal pellets of zooplankton (e.g. copepods and eu-
phausids) as well as the aggregation of diatoms, for example,
during intense blooms. Export production reduces the surface
concentration of inorganic carbon and maintains atmospheric
CO2 about 200 ppm lower than it would be in the absence of
biological activity (Maier-Reimer et al., 1996). In contrast,
bacteria and small zooplankton (e.g. heterotrophic flagellates
and ciliates) remineralise and recycle organic matter in the
upper ocean, thus reducing the quantity of organic matter
that is exported. These ecosystem processes are controlled by
the state of the environment (e.g. temperature, light, available
nutrients, vertical mixing), and are modulated by the ecosys-
tem structure of the planktonic community.
Dynamic green ocean models have been developed and
used in global biogeochemical studies to understand and
quantify the interactions between marine ecosystems and the
environment. In these models, phytoplankton and zooplank-
ton are grouped by taxa into plankton functional types (PFTs)
according to their specific and unique roles in marine biogeo-
chemical cycles (Hood et al., 2006; Le Quéré et al., 2005).
Although generally only a small number of PFTs are treated
explicitly, their inclusion has been shown to improve the re-
alism of model simulations. For example, the explicit in-
clusion of diatoms in marine ecosystem models is required
to reproduce the observed response to natural or purpose-
ful iron fertilisation in the ocean (Aumont and Bopp, 2006),
and observed changes in export production during glacial cy-
cles (Bopp et al., 2002). The representation of diazotrophs
(i.e. N2-fixing organisms) is necessary to simulate the feed-
backs between iron and the nitrogen inventories of the ocean
(Moore et al., 2006; Moore and Doney, 2007) and to repro-
duce observed N : P ratios (Weber and Deutsch, 2010, 2012),
of coccolithophores to simulate large blooms of phytoplank-
ton (i.e. chlorophyll) biomass (Gregg and Casey, 2007) and
phytoplankton succession (Gregg et al., 2003), and of Phaeo-
cystis to reproduce the ecosystem structure in the Southern
Ocean (Wang and Moore, 2011).
Fewer studies have examined the role of different zoo-
plankton PFTs in global ocean biogeochemistry, even though
there are zooplankton physiological data sets (e.g. Hirst and
Bunker, 2003; Straile, 1997). The simulation of phytoplank-
ton biomass was improved in published studies when more
mechanistic parameterisations of zooplankton dynamics con-
strained by observations were included in a global model
(Buitenhuis et al., 2006, 2010). Similarly, the seasonal cy-
cle of phytoplankton (Aita et al., 2003) and the open-ocean
oxygen depletion (Bianchi et al., 2013) were improved when
the influence of zooplankton vertical migration was included
in global biogeochemical models. The choice of the grazing
formulation in particular was found to influence phytoplank-
ton diversity (Prowe et al., 2012; Vallina et al., 2014b) and
the resulting food-web dynamics (Sailley et al., 2013; Val-
lina et al., 2014a), and to have implications for energy flow
to higher trophic levels (Stock et al., 2014).
Zooplankton can influence the fate of exported materials
through several processes, including grazing, repackaging of
organic matter in faecal pellets, and the vertical migrations
and transport of carbon and nutrients into the mesopelagic
zone (e.g. Stemmann et al., 2000; Steinberg et al., 2008).
Furthermore, there are important interactions among grazing,
nutrient cycles, and environmental conditions, as was shown
in studies based on regional models and observations in the
equatorial Pacific (Landry et al., 1997; Price et al., 1994),
North Pacific (Frost, 1991), the Atlantic (Daewel et al., 2014;
Steinberg et al., 2012) and the Southern Ocean (Banse, 1995;
Bishop and Wood, 2009). The importance of grazing was
also highlighted during iron enrichment experiments (Hen-
jes et al., 2007; Latasa et al., 2014), in part explaining why
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some experiments led to increased carbon export and others
did not (Martin et al., 2013). Thus, a more explicit represen-
tation of different zooplankton PFTs in global models could
provide important clues for the functioning of marine bio-
geochemistry.
Here, we present a new dynamic green ocean model with
ten PFTs. The parameterisation of vital rates associated with
these PFTs is based on an extensive synthesis of published
information on growth rates and other relevant parameters.
We use the model to examine a long-standing paradox in bio-
logical oceanography: the low phytoplankton biomass in the
Southern Ocean despite the high concentrations of macronu-
trients. This has been attributed to lack of iron (Fe) be-
cause of the distance to continental dust sources (Geider
and La Roche, 1994; Martin, 1990). Increases in phyto-
plankton biomass have been produced in more than a dozen
open ocean iron fertilisation experiments (Boyd et al., 2007;
Smetacek et al., 2012). The influx of Fe has been proposed as
a driver for the drawdown of atmospheric CO2 during glacia-
tions (Kohfeld et al., 2005; Watson et al., 2000), and inten-
tional Fe-fertilisation has been considered as a means to both
geo-engineer climate (Rickels et al., 2012) and to sell carbon
credits (Tollefson, 2012). However, ocean biogeochemistry
models that explicitly include the effect of Fe-limitation on
phytoplankton growth fail to reproduce the low Chl biomass
observed during summer in the Southern Ocean (Aumont and
Bopp, 2006; Dutkiewicz et al., 2005; Le Quéré et al., 2005;
Moore et al., 2004). This raises the question of the relative
control exerted by Fe-limitation on biomass vs. that exerted
by the grazing pressure of zooplankton (Banse, 1996; Price et
al., 1994) and more generally on the suitability of the current
generation of models to explore ecosystem–climate interac-
tions. Our study addresses this question directly.
2 Methods
2.1 Model description and development
The PlankTOM10 dynamic green ocean model is a
global ocean biogeochemistry model that includes plank-
ton ecosystem processes based on the representation of 10
PFTs and their interactions with the environment. Plank-
TOM10 incorporates six autotrophic and four heterotrophic
PFTs: picophytoplankton (pico-eukaryotes and non N2-
fixing cyanobacteria such as Synechococcus and Prochloro-
coccus), N2-fixers (Trichodesmium and N2-fixing unicel-
lular cyanobacteria), coccolithophores, mixed phytoplank-
ton (e.g. autotrophic dinoflagellates and chrysophytes), di-
atoms, colonial Phaeocystis, bacteria (here used to subsume
both heterotrophic Bacteria and Archaea), protozooplankton
(e.g. heterotrophic flagellates and ciliates), mesozooplankton
(predominantly copepods), and crustacean macrozooplank-
ton (euphausiids, amphipods, and others, called “macrozoo-
plankton” for simplicity; Fig. 1). Gelatinous macrozooplank-
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Figure 1. Schematic representation of the PlankTOM10 (top)
and PlankTOM6 (bottom) marine ecosystem models. The arrows
show grazing fluxes by protozooplankton (purple), mesozooplank-
ton (red), and macrozooplankton (green). Only fluxes with weigh-
ing factors above 0.1 are shown (Table 3).
ton are not included in the model. Diversity within groups
is not considered, and the physiological parameters for each
PFT are the same everywhere in the ocean, although some are
dependent on environmental conditions (i.e. nutrients, light,
food, temperature).
The current version of the PlankTOM10 model was de-
veloped from the model of Buitenhuis et al. (2013a), using
the strategy for regrouping PFTs described by Le Quéré et
al. (2005). It does not include new equations for growth and
loss terms compared with previous versions of the Plank-
TOM model, but it includes an additional trophic level in
the zooplankton PFTs (i.e. macrozooplankton). Parameteri-
sations are based on more data related to the vital rates of
individual PFTs, where new information was available. Pre-
vious studies have shown that model results are highly sensi-
tive to PFT growth rates (Buitenhuis et al., 2006, 2010), and
considerable effort was made to constrain these rates using
observations from LaRoche and Breitbarth (2005), Bissinger
et al. (2008), Buitenhuis et al. (2008, 2010), Sarthou et
al. (2005), Schoemann et al. (2005), Rivkin and Legen-
dre (2001), Hirst and Bunker (2003), and Hirst et al. (2003).
The complete set of model equations and parameter values
are provided in the Supplement. Here, we describe the ele-
ments that are most important for the analysis of the Southern
Ocean and the strategy used to determine parameter values
for PFT growth and loss processes.
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PlankTOM10 simulates the growth of ten PFTs in re-
sponse to environmental conditions. The PFT biomasses are
produced by the model for each grid box based on the growth
and loss term equations presented in the Supplement. The
model includes three detrital pools: large and small par-
ticulate organic matter, and semi-labile dissolved organic
matter. The sinking rate of large particles is based on the
mineral (ballast) content of particles following Buitenhuis
et al. (2001), while the sinking rate of small particles is
constant at 3 m d−1. The model includes full cycles of car-
bon (C), oxygen (O2), and phosphorus (P), which are as-
similated and released by biological processes at a constant
ratio of 122 : 172 : 1 (Anderson and Sarmiento, 1994). Phyto-
plankton and particulate organic matter have a variable Fe /C
ratio, while zooplankton and bacteria have a fixed ratio of
2× 10−6, which is lower than the minimum phytoplankton
Fe /C ratio (Schmidt et al., 1999). Zooplankton and bacteria
relelase excess iron. The model also includes a full cycle of
silica (Si) and calcite (CaCO3) as in Maier-Reimer (1993),
and simplified cycles for Fe and nitrogen (N). CO2 and O2
are exchanged with the atmosphere using the gas exchange
formulation of Wanninkhof (1992). The Fe cycle is repre-
sented as in Aumont and Bopp (2006). Iron is deposited
with dust particles using the monthly fields of Jickells et
al. (2005), the Fe content of dust is assumed to be 3.5 % ev-
erywhere. We assume an Fe solubility from dust of 1 % (Jick-
ells et al., 2005). Iron is also delivered to the ocean via river
fluxes following the outflow scheme of da Cunha et al. (2007)
with 95 % sedimentation in estuaries. Dissolved inorganic ni-
trogen (DIN) is the sum of nitrate and ammonium. The N : P
ratio of organic processes is set to the Redfield ratio of 16 : 1.
N2-fixers can use N2 and thus have access to unlimited N
from the atmosphere.
The growth rate parameters for the ten PFTs in Plank-
TOM10 are based on a compilation of growth rates as a func-
tion of temperature (Sect. 2.2). Phytoplankton PFT growth
rates are also limited by light and inorganic nutrients (P, N,
Si, and Fe) using a dynamic photosynthesis model that rep-
resents the two-way interaction between photosynthetic per-
formance and Fe /C and Chl /C ratios (Buitenhuis and Gei-
der, 2010). Light limitation is constrained by the slope of
the photosynthesis-irradiance curve (α) and the maximum
Chl /C ratio (θmax). We could not distinguish PFT-specific
values for α (Geider et al., 1997) and used a mean value of
1.0 mol C m2 (g Chl mol photons)−1 for all PFTs. Observed
θmax for diatoms are systematically higher than those of other
PFTs (Geider et al., 1997). There are too few direct observa-
tions to parameterize θmax for other PFTs, so we fitted the
observations (Geider et al., 1997) for θmax to the maximum
growth rate (µmax) presented in that paper. The fit showed
θmax increasing with growth rate (n= 19, p = 0.02). We thus
used a θmax higher than average for Phaeocystis and diatoms,
and a lower than average θmax for N2-fixers.
We used a two-step approach to define the nutrient limita-
tion parameters, which are not well constrained by observa-
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Figure 2. Maximum growth rates for 10 plankton functional types
as a function of temperature for the phytoplankton PFTs (left) and
for the heterotrophic PFTs (right). The PFTs are presented from the
smallest (top) to the largest (bottom) in size. The fit to the data used
in the model is shown in black, using the parameter values from
Table 1. See Table 1 for references.
tions. Firstly, we assigned initial PFT-specific half-saturation
values to each phytoplankton PFT based on literature-derived
values, using the value for a similar-sized PFT when PFT-
specific information was not available. We then examined the
covariations of surface Chl concentrations with the limiting
nutrient concentrations as shown in Fig. 3, and adjusted the
magnitude of the half-saturation parameters of phytoplank-
ton PFT to approximately fit the observations, keeping the
ratios of k half values between phytoplankton PFTs approxi-
mately the same as the initial ratios. With this approach, we
use the observed k half values as an initial starting point but
tune the model to match the emerging properties highlighted
in Fig. 3.
Initial values for the half-saturation concentrations of P
(kP) and N (kN) for phytoplankton growth rates were based
on observations. For N2-fixers, coccolithophores and di-
atoms, the half-saturation values for growth were computed
using the half-saturation values of uptake reported in Rieg-
man et al. (1998), LaRoche et al. (2005), and Sarthou et
al. (2005) multiplied by the minimum/maximum N : C ratio
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Table 1. Growth rates of PFTs at 0 and 20 ◦C (µ0 and µ20) and rate increase for a 10 ◦C increase in temperature (Q10). The uncertainty in
µ0 andQ10 represents ±1 standard deviation from an optimal parameter value in the parameter space. Full references for the phytoplankton
growth rate data are provided in the Supplement. The zooplankton growth rate data are from the published data synthesis cited here.
PFT µ0 Q10 µ20 Number p values Size range Main
of obs. (µm) references
Autotrophs
N2-fixers 0.05± 0.05 1.83± 0.71 0.15 34 0.76 0.5–2.0 LaRoche and Breitbarth (2005)∗
Picophytoplankton 0.26± 0.06 1.81± 0.18 0.89 150 < 0.01 0.7–2.0 Agawin et al. (1998); Johnson et al. (2006);
Moore et al. (1995)
Coccolithophores 0.70± 0.17 1.14± 0.17 0.90 322 0.06 5–10 Buitenhuis et al. (2008); S. Larsen (this paper)
Mixed phytoplankton 0.35± 0.05 1.57± 0.12 0.87 95 < 0.01 2–200 Bissinger et al. (2008)∗
Diatoms 0.44± 0.02 1.93± 0.07 1.63 439 < 0.01 20–200 Sarthou et al. (2005)∗
Phaeocystis 0.68± 0.07 1.66± 0.16 1.87 67 0.23 120–360 Schoemann et al. (2005)∗
Heterotrophs
Bacteria 0.66± 0.04 1.45± 0.06 1.22 1429 < 0.01 0.3–1.0 Rivkin and Legendre (2001)∗;
Cho and Giovannoni (2004)
Protozooplankton 0.46± 0.07 1.48± 0.13 1.03 1057 0.01 5–200 Buitenhuis et al. (2010)∗
Mesozooplankton 0.31± 0.02 1.27± 0.05 0.49 2745 < 0.01 200–2000 Hirst and Bunker (2003)∗
Macrozooplankton 0.03± 0.01 3.01± 0.52 0.19 253 < 0.01 > 2000 Hirst et al. (2003)∗
∗ These references include syntheses of data from other papers.
(0.33) to account for the acclimation of nutrient saturated vs.
nutrient limited growth (Morel, 1987). For picophytoplank-
ton, reported values for the half saturation extend over 3 or-
ders of magnitude. We assigned low half-saturation values as
these organisms grow even under very low nutrient condi-
tions (Timmermans et al., 2005). For mixed phytoplankton,
we assigned a value intermediate between picophytoplankton
and diatoms. For Phaeocystis, we used half-saturation values
that characterise colonies (Schoemann et al., 2005). The se-
lected set of parameter values shown in Fig. 3 is reported in
Table 2.
Iron uptake was computed using a cell quota model
(Buitenhuis and Geider, 2010; Geider et al., 1997), where
the Fe uptake by phytoplankton PFTs is explicitly regulated
by the light conditions. The three parameters needed are the
minimum, the maximum and the optimal Fe quotas. The min-
imum and maximum quotas were set at the same value of 2.5
and 20 µmol Fe /mol C for all PFTs based on the analysis of
Buitenhuis and Geider (2010). The optimal quota was set to
the minimum quota plus 2∗µmax20 based on Sunda and Hunts-
man (1995) for all PFTs. In addition, phytoplankton PFTs
also respond to the concentration of Fe in water which is pa-
rameterised with a half-saturation constant. The half satura-
tion of Fe uptake (kFe) is lower for picophytoplankton (Tim-
mermans et al., 2005) than other phytoplankton, and higher
for N2-fixers (LaRoche and Breitbarth, 2005) and diatoms
(Sarthou et al., 2005). Intermediate values for kFe have been
reported for the other phytoplankton PFTs (Le Vu, 2005;
Schoemann et al., 2005). The selected set of parameter val-
ues after adjustments produces no systematic covariation be-
tween Chl and Fe, as observed (Fig. 3, Table 2).
The half-saturation parameters of zooplankton graz-
ing rate were initially based on the relationship between
metabolic rates and body volume of Hansen et al. (1997). We
used the same approach as for nutrient limitation of the phy-
toplankton PFTs, and adjusted the half-saturation parameters
for grazing based on the observed covariations between sur-
face Chl concentrations and zooplankton biomass (Fig. 3).
The selected set of parameter values that approximately fit
the observed covariations in Fig. 3 is reported in Table 2.
Zooplankton food preferences were assigned based on
predator–prey size ratio (Table 3), as there were insufficient
data to determine these parameters directly across the range
of zooplankton and phytoplankton considered here. This ap-
proach assumes that protozooplankton generally have a high
preference for bacteria and a low preference for diatoms,
that mesozooplankton have a higher preference for protozoo-
plankton and a low preference for N2-fixers and bacteria, and
macrozooplankton have a lower preference for N2-fixers, pi-
cophytoplankton and bacteria than other groups. Although
some data were available to characterise grazing on Phaeo-
cystis spp. (Nejstgaard et al., 2007), it is not used specifi-
cally here because it required knowledge on the life forms
of Phaeocystis in situ. We assume that all zooplankton graze
on organic particles (Table 3) but prefer to graze on other
PFTs. The weighing factors influenced primarily the biomass
of the prey and predators, but had little influence on their
geographic distribution. We thus used the model results on
biomass (Table 4) to guide the size of the relative preferences
among PFTs for each grazer.
The gross growth efficiency (the part of grazing that is
incorporated into biomass) was defined based on the mean
across available observations: 0.21 for bacteria (data from
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Table 2. Model parameters constraining the resource limitations of growth rates. See text and model equations in the Supplement for
definitions of parameters.
PFT
Autotrophs
Light Nutrient half saturationb
αa θmax Feopt kFe kP kN
gChl gC−1 µmolFe molC−1 nmol L−1 µmol L−1 µmol L−1
N2-fixers 1 0.025 8.6 40 0.2 13
Picophytoplankton 1 0.033 8.6 10 0.13 2
Coccolithophores 1 0.033 8.6 25 0.13 2
Mixed phytoplankton 1 0.033 8.6 25 0.1 2
Diatoms 1 0.058 8.6 40 0.06 2
Phaeocystis 1 0.042 8.6 25 0.8 3
Heterotrophs
Food half
saturation
KFood
µmolC L−1
Bacteria 10
Protozooplankton 10
Mesozooplankton 10
Macrozooplankton 9
a Units of molC gChl−1 m2 (mol photons)−1. b The reported values are half saturation for uptake for Fe and half saturation for growth for P and N.
Table 3. Relative preference of zooplankton for food. The preferences are weighted with the biomass to obtain the model parameter value as
in Buitenhuis et al. (2010).
Plankton functional type Protozooplankton Mesozooplankton Macrozooplankton
Autotrophs
N2-fixers 2 0.1 0.1
Picophytoplankton 2 0.75 0.5
Coccolithophores 2 0.75 1
Mixed phytoplankton 2 0.75 1
Diatoms 1 1 1
Phaeocystis 2 0.75 1
Heterotrophs
Bacteria 4 0.1 0.1
Protozooplankton 0 2 1
Mesozooplankton 0 0 1
Macrozooplankton 0 0 0
Particulate matter
Small organic particles 0.1 0.1 0.1
Large organic particles 0.1 0.1 0.1
Rivkin and Legendre, 2001), and 0.29, 0.25, and 0.30 for pro-
tozooplankton, mesozooplankton and macrozooplankton, re-
spectively (data from Straile, 1997). Respiration and mortal-
ity parameters were based on observations from Buitenhuis
et al. (2010) for protozooplankton, Buitenhuis et al. (2006)
for mesozooplankton, and Moriarty (2013) for macrozoo-
plankton. The temperature-dependence of respiration and
mortality was fitted to all data as for the growth rate
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Table 4. Global mean values for rates and biomass from observations (data) and the PlankTOM10 and PlankTOM6 models averaged over
1998–2009. The reported confidence levels refer to the observations and are from the author’s assessment of confidence with high (H): most
likely within ±25 % of reported value; medium (M): most likely within ±50 % of reported value; low (L): could be more than ± 50 % of
the reported value. For the biomass of phytoplankton and zooplankton, the percentage of the total biomass is also indicated in parentheses
(excluding mixed phytoplankton, for which no observations are available).
PlankTOM10 PlankTOM6 Data Confidence Reference for the data
Rates
Primary production (PgC yr−1) 42.6 35.4 51–65 H Buitenhuis et al. (2013b)
Export production at 100 m (PgC yr−1) 7.6 7.7 9–10 M Schlitzer (2004); Lee (2001)
CaCO3 export at 100 m (PgC yr−1) 0.40 0.80 0.6–1.1 M Lee (2001); Sarmiento et al. (2002)
SiO2 export at 100 m (Pg Si) 2.9 4.5 3.4 H Tréguer et al. (1995)
N2 fixation (TgN yr−1) 165 – 60–200 H Gruber (2008)
Phytoplankton biomass 0–200 m (PgC)∗
N2-fixers 0.062 – 0.008–0.12 M Luo et al. (2012)
(9.8 %) (2–8 %)
Picophytoplankton 0.21 0.23 0.28–0.52 M Buitenhuis et al. (2012b)
(34 %) (50 %) (35–68 %)
Coccolithophores 0.077 – 0.001–0.032 M O’Brien et al. (2013)
(12 %) (0.2–2 %)
Mixed phytoplankton 0.079 0.023
(12 %) (5.0 %)
Phaeocystis 0.080 – 0.11–0.69 M Vogt et al. (2012)
(13 %) (27–46 %)
Diatoms 0.12 0.20 0.013–0.75 M Leblanc et al. (2012)
(19 %) (45 %) (3–50 %)
Heterotrophs biomass 0–200 m (PgC)*
Bacteria 0.031 0.030 0.25–0.26 H Buitenhuis et al. (2012a)
Protozooplankton 0.067 0.12 0.10–0.37 M Buitenhuis et al. (2010)
(12 %) (44 %) (27–31 %)
Mesozooplankton 0.18 0.15 0.21–0.34 M Moriarty and O’Brien (2013)
(34 %) (56 %) (25–66 %)
Macrozooplankton 0.28 – 0.010–0.64 L Moriarty et al. (2013)
(53 %) (3–47 %)
∗ The biomass ranges have been computed using the method described in Buitenhuis et al. (2013b).
(Sect. 2.2), except for the mortality of macrozooplankton and
mesozooplankton. There are nine observations on macrozoo-
plankton mortality and we tuned this term based on the re-
sulting biomass. The fitted relationship for the mortality of
mesozooplankton was reduced by a factor of ∼ 2 to account
for the explicit mortality from macrozooplankton represented
in the model. This correction preserves the temperature-
dependence of mortality, but it recognises that explicit graz-
ing by macrozooplankton already takes place in the model,
which does not represent the grazing by other organisms (e.g.
salps, fish larvae). In total, grazing accounts for 2/3 to 3/4 of
the mortality of mesozooplankton (Hirst and Kiorboe, 2002).
2.2 Growth rates as a function of temperature
The most important trait that distinguishes the various PFTs
is the rate at which they grow under different conditions
(Buitenhuis et al., 2006, 2010). We compiled maximum
growth rates as a function of temperature (Table 1). We fit
an exponential growth relationship to the observations by
optimising the relation µT = µ0×QT/1010 where T and µT
are the observed temperature and associated growth rate, µ0
is the growth at 0 ◦C, and Q10 is the derived temperature-
dependence of growth (Table 1). The parameter values for
µ0 and Q10 were estimated by minimising the error, quanti-
fied as the least squares cost function 6((µT −µTobs)/µTobs)2.
Normalising to observations helps ensure a good fit of µT in
cold waters where growth rates are low. We used exponential
growth, rather than a temperature-optimal growth, to avoid
biases caused by the lack of observations for some PFTs at
low or high temperatures. The p-value of a linear regression
between observations and the exponential fit (Table 1) pro-
vides a measure of how well the relationship is constrained
by the observations. The fit assigns equal weight for all the
data, rather than following the 99 % quantile (e.g. Eppley,
1972; Bissinger et al., 2008) to provide a better representa-
tion of the mean community for each PFT.
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Figure 3. Covariation between Chl concentration and (left) poten-
tially limiting nutrients and (right) biomass of zooplankton groups
for the World Ocean. Chlorophyll data from SeaWiFS satellite are
the same in each panel, and are averaged over 1998–2009. The
NO3 and PO4 data are from the World Ocean Atlas 2009, updated
from (Garcia, 2006b). Fe data are from (Tagliabue et al., 2012).
The protozooplankton biomass data are updated from Buitenhuis
et al. (2010), the mesozooplankton biomass data from Buitenhuis
et al. (2006), and the macrozooplankton biomass data include all
krill data from Atkinson et al. (2004) and other crustacean data
from Moriarty et al. (2013). All data are monthly averages except
for the mesozooplankton, which are seasonal. All data are for the
surface, generally corresponding to the mixed layer, except for ob-
served Chl, which is seen by satellite over one optical depth, and
observed mesozooplankton and macrozooplankton, which are from
depth-integrated tows and may underestimate surface concentra-
tions (by a factor 1.5–2; see text). The black lines are medians, and
grey shadings the 25–75 % interquartile range for Chl concentra-
tion. The median from the PlankTOM10 model is shown in red.
Growth rate parameters estimated with this method are
well constrained (p values < 0.05) for seven of the ten PFTs,
including all of the heterotrophic PFTs (Table 1). There
are insufficient data to provide significant constraints on the
growth rates of N2-fixers (p = 0.76), and some uncertainty in
the growth data for coccolithophores (p = 0.06) and Phaeo-
cystis (p = 0.23; Table 1). However, the growth of N2-fixers
is less than that of other phytoplankton PFTs (Fig. 2), and
the fitted relationship produces µT less than that of other
PFTs despite these uncertainties. An exponential function
may not be appropriate for growth rates of coccolithophores
and Phaeocystis (Schoemann et al., 2005). The growth rate
of coccolithophores was overestimated at low temperatures
due to high growth rates at 20◦ C and the absence of obser-
vations for temperatures below 5 ◦C. We reduced the fitted
growth rate of coccolithophores linearly to 0 below 10 ◦C to
match the observed reduced coccolithophore biomass in cold
regions (O’Brien et al., 2013).
2.3 Covariation between Chl and nutrients or
zooplankton
We used relationships between observed concentrations of
Chl and both inorganic nutrients (e.g. NO3, PO4 and Fe), and
zooplankton biomasses (protozooplankton, mesozooplank-
ton and macrozooplankton; Fig. 3) to provide additional con-
straints on model parameters. Specifically, we used obser-
vations for in situ NO3 and PO4 concentrations from the
World Ocean Atlas 2009; in situ Fe concentration data from
Tagliabue et al. (2012); protozooplankton biomass data from
Buitenhuis et al. (2010); mesozooplankton biomass data
from Buitenhuis et al. (2006); macrozooplankton biomass
data from Atkinson et al. (2004) and Moriarty et al. (2013).
All the data were binned into 1× 1◦ grid boxes. Most ob-
servations are for the surface ocean. Mesozooplankton and
macrozooplankton data are from depth-integrated tows of
typically 200 m depth and may underestimate surface con-
centrations (by a factor 1.5–2 based on our model sim-
ulations). All data are monthly except for mesozooplank-
ton, which are seasonal. Chl concentration is from SeaW-
iFS satellite averaged over 1998–2009 and interpolated to
the same grid. The model output was averaged over the same
time period, and sampled for the same month and on the same
grid box as the observations. The data intervals were chosen
to include approximately the same number of grid boxes, ex-
cept for macrozooplankton where the lowest interval was set
to 0–0.05 µmol C L−1 because of the large number of grid
boxes with very low macrozooplankton concentration. Ten
concentration intervals were used for the nutrients (Fig. 3).
Chlorophyll concentrations covary with NO3 concentra-
tions at < 3 µmol L−1, and with PO4 in the range 0.3–
0.5 µmol L−1 (Fig. 3; Spearman ranked correlations for data
in the 25–75 % interquartile range give r = 0.72 for NO3
and r = 0.73 for PO4). These relationships are consistent
with our understanding of the growth limitation of phyto-
plankton in the subtropics, where NO3 and PO4 concen-
trations are low. There is no observed covariation between
Chl and Fe concentration (r =−0.16). The strongest co-
variations are between Chl and protozooplankton at con-
centrations < 0.6 µmol C L−1 (r = 0.83) and between Chl
and mesozooplankton at concentrations < 0.3 µmol C L−1
(r = 0.77). There is no covariation between Chl concentra-
tion and macrozooplankton biomass (r =−0.19; Fig. 3). We
use these relationships to tune the growth limitation parame-
ters in the model, so that the functional relationships between
Chl and nutrients or zooplankton are close to the observed re-
lationships overall.
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2.4 Simulations
PlankTOM10 is coupled to the Ocean General Circulation
Model (OGCM) NEMO version 3.1 (NEMOv3.1). We used
the global configuration (Madec and Imbard, 1996), which
has a resolution of 2◦ of longitude and a mean resolution of
1.5◦ of latitude, with enhanced resolution up to 0.3◦ in the
tropics and at high latitudes. The model resolves 30 verti-
cal levels, with 10 m depth resolution in the upper 100 m.
NEMOv3.1 calculates vertical diffusion explicitly and rep-
resents eddy mixing using the parameterisation of Gent
and McWilliams (1990). The model thus generates its own
mixed-layer dynamics and associated mixing based on lo-
cal buoyancy fluxes and winds. NEMOv3.1 is coupled to a
dynamic-thermodynamic sea-ice model (Timmermann et al.,
2005).
PlankTOM10 is initialised from observations of dissolved
inorganic carbon (DIC) and alkalinity from Key et al. (2004),
O2 and nutrients from Garcia et al. (2006a, b), and tempera-
ture and salinity from the World Ocean Atlas 2005 (Antonov
et al., 2006; Locarnini et al., 2006). Fe is initialised with a
constant concentration of 0.6 nmol Fe L−1 north of 30◦ S and
0.2 nmol Fe L−1 in the Southern Ocean, consistent with ob-
servations (Parekh et al., 2005; Tagliabue et al., 2012). The
PFTs equilibrated within 3 years and were not influenced by
initialisation. The model is forced by daily winds and precip-
itation from the ECMWF interim reanalysis (Simmons et al.,
2006) from 1989 to 2009. Results for standard simulations
are averaged over 1998–2009. A series of sensitivity tests
are presented for the model parameters that influence the key
results the most.
To understand the interaction pathways among ecosys-
tems, biogeochemistry and climate, we developed a simpli-
fied version of the model that included only six PFTs (Plank-
TOM6) (Fig. 1). PlankTOM6 is identical to PlankTOM10,
except that the growth rates of N2-fixers, mixed phytoplank-
ton, Phaeocystis, and macrozooplankton are zero, and the
mortality of the mesozooplankton is increased to account for
the lack of macrozooplankton predation until the point when
primary production is at its maximum. Given the otherwise
similar model structure, parameters, initialisation and simu-
lation protocol, comparison of results from PlankTOM6 and
PlankTOM10 provides information on the specific roles of
zooplankton dynamics in the model.
3 Results
3.1 Temperature and size – dependence of PFT growth
rates
The data show systematic patterns in growth rates that differ
among PFTs. The growth rates of all PFTs increase with in-
creasing temperature, but not to the same extent (Fig. 2). The
growth rate of phytoplankton PFTs increases with PFT size,
from 0.15 d−1 for N2-fixers to 1.87 d−1 for Phaeocystis, and
the growth rate of heterotrophic PFTs decreases with size,
from 1.22 d−1 for bacteria to 0.19 d−1 for macrozooplankton
(Table 1). The sign of the relationship between growth rate
and size between phytoplankton PFTs is the opposite of the
sign of this relationship within specific PFTs, including di-
atoms (Sarthou et al., 2005), picophytoplankton (Chen and
Liu, 2010) and coccolithophores (Buitenhuis et al., 2008).
3.2 Ecosystem properties in the PlankTOM10 model
PlankTOM10 reproduces the main characteristics of ob-
served surface Chl, with high concentrations in the high
latitudes and low concentrations in the subtropics, higher
Chl concentration in the Northern compared to the Southern
Hemisphere, and in the South Atlantic compared to the South
Pacific Ocean (Fig. 4). The global biogeochemical fluxes
simulated by PlankTOM10 are generally below or at the low
end of the range of observed values (Table 4), with global
primary production of 42.4 PgC yr−1, export production of
7.6 PgC yr−1, export of CaCO3 and SiO2 of 0.4 PgC yr−1 and
2.9 PgSi yr−1, respectively, and N2 fixation of 165 TgN yr−1.
PlankTOM10 produces distinctive geographical distribu-
tions of carbon biomasses among PFTs (Fig. 5). About a third
of the phytoplankton biomass occurs as picophytoplankton,
followed in descending abundance by diatoms and Phaeo-
cystis, mixed phytoplankton, coccolithophores and N2-fixers
(Table 4). This distribution is broadly consistent with obser-
vations (Buitenhuis et al., 2013b), but the simulated phyto-
plankton biomass is generally on the low side of the observa-
tional range, which is consistent with the results of the global
biogeochemical fluxes. The simulated biomass of coccol-
ithophores is overestimated (i.e. 0.077 compared with 0.001–
0.032 PgC), although CaCO3 export is underestimated, sug-
gesting either that the model calcification or aggregation
rates are too low or that zooplankton calcifiers contribute sig-
nificantly to CaCO3 export.
The model underestimates bacterial biomass by a factor
of 10 compared with observations. This possibly reflects the
fact that the model only represents highly active bacteria and
a substantial fraction of observed biomass is from low ac-
tivity and ghost cells. The model underestimates protozoo-
plankton by a factor of 1.5–5 (in absolute value) or 2–3 (as
a fraction of total biomass value) compared to observations
(Table 4). This discrepancy could be caused by the under-
estimation of bacterial biomass, as bacteria are an important
source of food for protozooplankton. The simplified repre-
sentation of the range of protozooplankton grazers in a single
PFT representing both heterotrophic nanoflagellates and mi-
crozooplankton could also play a role. Simulated mesozoo-
plankton biomass is only slightly below the observed range,
while simulated macrozooplankton biomass is within the ob-
served range, although the uncertainty here is large (0.010–
0.64 PgC). Overall the balance is slightly skewed towards rel-
atively more biomass than observed in the larger zooplankton
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Figure 4. Surface Chl (mg m−3) for (left) Southern Ocean winter (June–August) and (right) Southern Ocean summer (November–January).
Data are from (top) SeaWiFS satellite, (middle) PlankTOM10, and (bottom) PlankTOM6. All data sets are averages for 1998–2009. Model
results are shown for the top 10 m deep surface box. The boxes highlight the regions used in Fig. 11.
(53 % compared to 3–47 %) compared to the smaller zoo-
plankton groups (13 % compared to 27–31 %; Table 4).
The geographic distribution of each simulated PFT is
also distinctive (Figs. 6–7). Satellite data products indicate
that small phytoplankton (picophytoplankton and N2-fixers)
are generally dominant in the tropics, haptophytes (coccol-
ithophores and Phaeocystis) in mid to high latitudes, and
diatoms in high latitudes (Alvain et al., 2005; Brewin et
al., 2010). The simulated phytoplankton distribution gen-
erally matches the distribution inferred from satellite nor-
malised radiance (Fig. 6), except in the temperate zones
where observations suggest a balance between picophyto-
plankton and haptophytes and the model shows a dominance
of haptophytes. PlankTOM10 also reproduces the locations
of blooms of colonial Phaeocystis and coccolithophores
(Fig. 7). The simulated geographic distributions of zooplank-
ton PFTs are particularly distinctive, with protozooplankton
abundant in the tropics and subtropics, mesozooplankton at
high latitudes of both hemispheres, and macrozooplankton
with high biomass in the North Pacific and South Atlantic
and along the coasts (Fig. 5).
The marine ecosystem as a whole appears to function
realistically: mesozooplankton grazing on phytoplankton is
somewhat overestimated relative to the 5.5 Pg yr estimated
by Calbet (2001), so they have taken over the role of prin-
cipal herbivores. Possibly the faster turnover rates of small
copepods are overrepresented in the observational data on
mesozooplankton, leading to a trophic position of mesozoo-
plankton somewhat too low in the food chain. Export pro-
duction, phytoplankton biomass and metazoan zooplankton
biomass are realistic in the model, leading to realistic sea-
sonal cycles, but the regenerated part of primary production
is underestimated, concomitant with low protozooplankton
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Figure 5. Annual mean surface carbon biomasses for individual plankton functional types as simulated by the PlankTOM10 model
(µmol C L−1). Model results are averaged for 1998–2009 and shown for the top 10 m deep surface box.
biomass, which impacts the model on shorter timescales of
days.
3.3 Comparison of PlankTOM6 and PlankTOM10
PlankTOM10 and PlankTOM6 generally produce similar re-
sults in surface Chl concentration, nutrient distribution, pri-
mary and export production (Fig. 8), except that PlankTOM6
fails to reproduce the observed low Chl concentration in sum-
mer in the Southern Ocean (Fig. 4; Sect. 3.4). The over-
all differences between the two models, quantified statisti-
cally using a Taylor distribution (Taylor, 2001), are less than
0.1 in either correlation or normalised standard deviation
(Fig. 8). PlankTOM10 does slightly better than PlankTOM6
for the distribution of Chl, primary and export production,
but slightly worse for the distribution of silica and nitrate,
with similar performance for phosphate (Fig. 8). These dif-
ferences are small in part because of the short duration of the
simulations presented here (20 years), which allow equilibra-
tion of the ocean surface only. The models are generally sim-
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Figure 6. Dominance of picophytoplankton (top), haptophytes (middle) and diatoms (bottom) in the ocean surface (fraction of time). Left
panels show the frequency of the dominance of each PFT detected from satellite data by Alvain et al. (2005) for each pixel during 1998–
2006. Right panels show model results, as the surface Chl for each PFT divided by the total Chl. For the model results, picophytoplankton
include both the picophytoplankton and N2-fixer groups; haptophytes include coccolithophores, Phaeocystis and mixed phytoplankton. The
data provide information on the spatial patterns, but not on the absolute amplitude of the dominance. To best highlight the spatial patterns in
the model, a PFT is assumed to be dominant if it accounts for at least 45 % of the biomass for picophytoplankton and haptophytes, and 30 %
of the biomass for diatoms. The dark red represents the area with the highest dominance of a PFT, while in the lightest red the PFT is absent.
Figure 7. Frequency of blooms of Phaeocystis (top) and coccolithophores (bottom) in the surface ocean. Phaeocystis data are from Alvain
et al. (2005); coccolithophore blooms are updated from Brown and Yoder (1994). A bloom is defined in the model when the PFT accounts
for at least 30 % of the biomass and when Chl exceeds 0.3 mgChl m−3. The dark red represents the area with highest dominance of a PFT,
while in the lightest red the PFT is absent.
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Figure 8. Taylor diagram comparing the distributions of surface
concentration in annual mean Chl, NO3, PO3, Si, primary produc-
tion (pp) and export production (exp) for PlankTOM10 (in grey)
and PlankTOM6 (in white) with observations. Chl, biomass and
nutrient observations are as in Fig. 3. Export production is from
(Schlitzer, 2004) and represents annual mean flux at 100 m. Primary
production is from Buitenhuis et al. (2013a) and includes monthly
mean values for the surface 300 m. The black dot shows the loca-
tion where the model results should be if it was perfect and there
were no errors in the observations. The distance from the black dot
quantifies the performance of the model (Taylor, 2001).
ilar also in their representations of the distribution of biomass
among phytoplankton PFTs, with most of biomass being in
picophytoplankton in both models (Fig. 9 and Table 4). How-
ever, PlankTOM6 allocates more biomass to protozooplank-
ton compared to PlankTOM10, though PlankTOM6 is still at
the low end of observed concentrations (Table 4).
The failure of PlankTOM6 to reproduce the observed low
Chl concentration in the Southern Ocean during summer is
further highlighted in Fig. 10, which shows the seasonal cy-
cle of mean Chl for the Northern Hemisphere and the South-
ern Ocean, where it is most pronounced. In PlankTOM6,
the seasonal cycles in the north and south are very simi-
lar, with the slightly lower concentrations in the Southern
Ocean during summer caused by a slightly deeper summer-
time mixed-layer depth (29 m compared to 19 m). In con-
trast, in PlankTOM10, the seasonal cycle of Chl in the south
is smaller and concentrations are always below those in the
north, as is the case for observations. As PlankTOM6 and
PlankTOM10 have identical physical environments (includ-
ing mixed-layer depth), the north–south differences are due
to ecosystem structure. In the following sections, we focus
our analysis on the model parameters that influence the low
Chl concentration in the Southern Ocean the most.
3.4 Role of zooplankton dynamics for HNLC regions
The observed phytoplankton biomass, including the low Chl
concentrations in high-nutrient low-chlorophyll (HNLC) re-
gions, reflects the balance between phytoplankton growth
and loss. Phytoplankton growth rates vary with tempera-
ture, light, and nutrient supply, whereas losses result mainly
from grazing by zooplankton, respiration, cell death, sinking
to depth, and dilution by vertical mixing. Any process that
reduces the net rate of increase in phytoplankton biomass
(i.e. differences between growth and loss) may lead to low
residual Chl concentration. For example, Platt et al. (2003a)
showed that deep mixing by wind dilutes Chl in the surface
layer and reduces the average irradiance experienced by the
phytoplankton. This results in low growth rate and demand
for nitrate, the conditions generally observed in HNLC re-
gions. Here we further examine the consequences of high
zooplankton-mediated grazing losses.
We use the north / south ratio in surface Chl concentra-
tion as a metric to quantify model performance, focusing on
the Pacific Ocean where the contrast between the Northern
Hemisphere and the Southern Ocean is most pronounced.
This metric is simple and easy to quantify with data (geo-
graphic locations: boxes in Fig. 4). Satellite observations in-
dicate a north / south Chl ratio of 2.16± 0.35 (1998–2009
mean± 2 SD of annual values). To ensure that the ratio
is not affected by potential biases in the SeaWiFS South-
ern Ocean data (Johnson et al., 2013), we also used in situ
data from the World Ocean Atlas, which indicates a similar
north / south Chl ratio of 2.0. This ratio is 1.72± 0.051 in the
PlankTOM10 and 1.21± 0.074 in the PlankTOM6 simula-
tions (Fig. 11). Controlling factors in this ratio are examined
here through a set of sensitivity tests.
3.4.1 Role of trophic level and top zooplankton
We tested the specific effect of macrozooplankton on Chl by
running four additional model experiments (Fig. 11): in the
Z1 simulation, we added macrozooplankton to PlankTOM6,
in Z2 we parameterised the top grazer in PlankTOM6 us-
ing the same growth and loss rate parameters as macrozoo-
plankton, in Z3 we removed macrozooplankton from Plank-
TOM10, and in Z4 we parameterised the top grazer in Plank-
TOM10 using the same growth and loss rate parameters
as mesozooplankton. These sensitivity studies were identi-
cal to the PlankTOM10 (or PlankTOM6) simulation in all
other respects. Experiments Z1 and Z2 both include macro-
zooplankton, but in different food-web positions. These ex-
periments maintain a high north / south Chl ratio of 1.64
and 1.46, respectively (Fig. 11). Experiments Z3 and Z4 did
not include macrozooplankton, but had grazing structures as
in the standard PlankTOM6 and PlankTOM10 models; the
north / south Chl ratio was 1.26 and 1.11, respectively. These
four experiments show that the presence in the model of
slow-growing zooplankton, such as macrozooplankton, plays
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Figure 9. Zonal mean distribution of phytoplankton (left) and zoo-
plankton (right) PFTs for the PlankTOM10 (dark grey) and Plank-
TOM6 (light grey) models (µmol C L−1).
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Figure 10. Monthly variations of surface Chl concentration in the
North (full solid lines) and South (dashed lines; mgChl m−3) Pa-
cific Ocean. Data are from (top) the SeaWiFS satellite, (middle)
PlankTOM10, and (bottom) PlankTOM6. All data sets are averages
for 1998–2009. Model results are shown for the top 10 m deep sur-
face box. All data are averaged between 30 and 55◦ latitude in both
hemispheres: 140–240◦ E in the north and 140–290◦ E in the south,
as highlighted in Fig. 4.
a pivotal role in determining the relative average concentra-
tions of Chl in the Northern vs. Southern Hemisphere (dif-
ference between PlankTOM6 and both Z1 and Z2). More re-
alistic patterns are achieved by including a third zooplankton
food-web compartment (higher ratio in Z1 than in Z2) and
three additional phytoplankton compartments (higher ratio in
PlankTOM10 than in Z1).
3.4.2 Role of macrozooplankton growth rate
We examined the impact of macrozooplankton grazing in
sensitivity tests in which the grazing rate of macrozooplank-
ton was varied within the range of the observed growth
rates (Fig. 2; Table 1). These simulations show that macro-
zooplankton grazing rate has a strong influence on the Chl
north / south ratio (Fig. 12). The PlankTOM10 simulation
that uses the mean growth rate from observations (Sect. 2.2)
produces results that are closest to the observed north / south
Chl ratio. When the grazing rate is decreased (by up to 2σ ),
the macrozooplankton biomass decreases by over 50 % and
the north / south Chl ratio decreases from 1.72 to 1.05. When
the grazing rate is increased, the macrozooplankton biomass
decreases because of pressure on the food sources (Fig. 12),
and the Chl north / south ratio also decreases. These simula-
tions suggest that the observed Chl north / south distributions
are a consequence of trophic balances among PFTs.
3.4.3 Role of atmospheric iron deposition
We tested the relative role of atmospheric iron deposition
compared with grazing for the north / south Chl distribution
by applying five different dust deposition scenarios, all (ex-
cept one) with realistic but different regional distributions, to
the PlankTOM10 and PlankTOM6 models: D0 is an extreme
case with no atmospheric dust deposition (where phytoplank-
ton use iron sources from deep waters), D1 dust deposition
including the effect of dust particle size on iron solubility
(Mahowald et al., 2009), and D2–D4 iron deposition using
the three distinct dust fields (Ginoux et al., 2001; and Luo,
2003; Tegen et al., 2004) averaged by Jickells et al. (2005).
The simulated north / south Chl ratios vary from 1.62 to 1.85
in these experiments (Fig. 11). These differences are smaller
than the differences between the PlankTOM10-like (1.46–
1.85) and PlankTOM6-like simulations (1.08–1.26) for all
experiments. In PlankTOM6, even the simulation with no
iron deposition from dust (D0) produces Southern Ocean Chl
concentrations that are too high during summer. This result
is consistent with the observation that although Fe is lower
in the Southern Ocean than elsewhere, concentrations aver-
age around 0.3 nmol Fe L−1 (range of 0.15–0.6 nmol Fe L−1)
in the summer (January and February, n= 79) in the Sub-
antarctic region (Tagliabue et al., 2012), which is near the
half saturation for growth of most phytoplankton as well as
those used in the model (Le Quéré et al., 2005; Sarthou et
al., 2005). Thus Fe concentrations may be limiting for phyto-
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Figure 11. North / south ratio of surface Chl concentration in
the Pacific Ocean. Observations are from SeaWiFS. Model re-
sults in green correspond to model runs with slow-growing zoo-
plankton: PlankTOM10 (includes macrozooplankton), (Z1) Plank-
TOM6 plus macrozooplankton, (Z2) PlankTOM6 with mesozoo-
plankton parameterised like macrozooplankton, (D0–D4) Plank-
TOM10 with no dust deposition or with dust fields from Mahowald
et al. (2009), Tegen et al. (2004), Ginoux et al. (2001) and Ma-
howald et al. (2003), respectively. Model results in blue correspond
to model runs without slow-growing zooplankton: PlankTOM6,
(Z3) PlankTOM10 minus macrozooplankton, (Z4) PlankTOM10
with macrozooplankton parameterised like mesozooplankton, and
(D0∗–D4∗) as above with PlankTOM6. Results from (F1–F3) are
model simulations available through the MARine Ecosystem Model
Intercomparison Project and (C1–C4) the Climate Model Intercom-
parison Project 5 (Arora et al., 2011; Dufresne et al., 2013; Gior-
getta et al., 2013; Jones et al., 2011). Results from Séférian et
al. (2013) mainly differ through their representation of sub-grid-
scale processes, with improvements in the representation of sum-
mer mixed-layer depth from Models 1 to 3. All data are averaged
between 30 and 55◦ latitude in both hemispheres: 140–240◦ E in
the north and 140–290◦ E in the south, as highlighted in Fig. 4.
plankton growth, but nevertheless the observed very low Chl
concentrations during summer months seem to reflect losses
due to other processes, such as grazing mortality rather than
reduced growth rates from low Fe supply.
As a means of validating the model results, we also tested
the response of PlankTOM10 to Fe-fertilisation to verify that
the model reproduced the observed Chl blooms under Fe en-
richment conditions (Boyd and al., 2007). This was done by
saturating the surface layer of the ocean with Fe for 1 month
(February). In this experiment, surface Chl south of 40◦ S in-
creased by 2.1± 2.2 mg Chl m−3 (mean± 1 SD) with a max-
imum concentration of 14.2 mg Chl m−3. This is similar to
the responses observed at sea during Fe-fertilisation experi-
ments (Boyd and al., 2007). Thus Planktom10 predicts that
net phytoplankton growth can escape the constraint imposed
by zooplankton grazing and bloom when superabundant Fe is
provided, as is the case during the meso-scale Fe-fertilisation
experiments. The response of the model to Fe enrichment
lends further support to our hypothesis that grazing is respon-
sible for the low Chl concentration in the Southern Ocean
during summer under realistic Fe inputs.
3.4.4 Role of combined effects
Model simulations could be influenced by the model struc-
ture and parameters, the physical transport, meteorological
data, or the choice of dust deposition fields. We assessed
the combined effects of model choices by comparing our
results with outputs from seven other models: a version of
the PISCES model (Aumont and Bopp, 2006), the CCSM-
BECs model (Doney et al., 2009), and the NEMURO model
(Kishi et al., 2007), IPSL-CM5A-LR (Dufresne et al., 2013),
GRDL-ESM2M (Jones et al., 2011), HadGEM2-ES (Gior-
getta et al., 2013), and CanESM2 (Arora et al., 2011). All
of these other models focus on the representation of phyto-
plankton groups and parameterise grazing pathways in a sim-
pler fashion than PlankTOM10. They produce a north / south
Chl ratio in the range from 0.60 to 1.36, lower than the value
(1.72) obtained using PlankTOM10. Previous studies have
suggested that the overestimation of Chl may result from a
generalised model bias towards too shallow a mixing depth
in the Southern Ocean in summer, but Séférian et al. (2013)
have shown that while better representation of sub-grid-scale
processes and mixed-layer depth improves the simulation of
Chl overall, it does not lead to a more realistic north / south
Chl ratio (Fig. 11). Thus, the comparison between Plank-
TOM10 and other ocean biogeochemistry models supports
our contention that it is important to simulate grazing path-
ways explicitly.
4 Discussion
The development of PlankTOM10 has benefited from the ex-
istence of the very extensive range of observations to develop
realistic parameterisations of key processes, particularly PFT
growth rates. Although the simulated global biogeochemical
fluxes are generally below or at the low end of the range of
observed values and several regional discrepancies exist be-
tween observed and modelled biomass and fluxes, the model
reproduces both the relative importance of different PFTs and
the geographic patterns in their abundance. Thus, while not
perfect, the model is sufficient to explore the role of ecosys-
tem dynamics in determining ocean biogeochemistry.
Our analyses suggest that Southern Ocean Chl during sum-
mer is primarily controlled by zooplankton grazing, par-
ticularly the presence of a slow-growing zooplankton, and
the structure of the pelagic food web, rather than the low
supply rate of iron. Trophic cascading appears to account
for the differences between the results from PlankTOM10
and PlankTOM6 (Fig. 13; Zollner et al., 2009). For exam-
www.biogeosciences.net/13/4111/2016/ Biogeosciences, 13, 4111–4133, 2016
4126 C. Le Quéré et al.: Role of zooplankton dynamics in the Southern Ocean
Figure 12. North / south ratio of surface Chl concentration in the
Pacific Ocean as in Fig. 9 vs. the surface biomass of macrozoo-
plankton (PgC yr−1). The standard PlankTOM10 results are shown
by the filled circle. Results from ten sensitivity tests are shown by
the empty circles, where the maximum growth rate of macrozoo-
plankton is varied within ±2σ within the range of the data (Fig. 2).
Phytoplankton Macrozooplankton Mesozooplankton Protozooplankton
Jan              Apr              Jul                Oct
Jan              Apr              Jul                Oct
Jan              Apr              Jul                Oct
Jan              Apr              Jul                Oct
Figure 13. Mean surface concentrations of the biomass of phy-
toplankton (green), macrozooplankton (black), mesozooplankton
(red), and protozooplankton (blue). Results are shown for (left) the
PlankTOM10 model and (right) the PlankTOM6 model, and for
(top) the north and (bottom) the south. All data are averaged for
1998–2009, and between 30 and 55◦ latitude in both hemispheres:
140–240◦ E in the north and 140–290◦ E in the south, as highlighted
in Fig. 4.
ple, protozooplankton graze on phytoplankton (and bacte-
ria), which reduces their prey’s biomass. However, mesozoo-
plankton graze on phytoplankton and protozooplankton, and
macrozooplankton graze on phytoplankton and both proto-
zooplankton and mesozooplankton. Thus the grazing pres-
sure of larger zooplankton on smaller zooplankton can indi-
rectly reduce the overall grazing pressure on phytoplankton.
In PlankTOM10, macrozooplankton concentration is higher
in winter in the Northern Hemisphere Pacific sector where
the surface layer is more stratified and food is abundant,
compared with the Southern Ocean Pacific sector where the
surface layer is more mixed and food is scarce. Thus when
the spring bloom starts in the north, the biomass and graz-
ing pressure exerted by macrozooplankton is high enough to
reduce the biomass of smaller zooplankton, consequently re-
ducing the grazing pressure on Chl and leading to an increase
in Chl. However, in the south, macrozooplankton biomass is
too low to cause significant losses of smaller zooplankton.
Hence, the high proto- and meso-zooplankton biomasses pre-
vent a phytoplankton bloom from developing in that region.
Although PlankTOM6 simulates some degree of trophic cas-
cade with the presence of two zooplankton PFTs, our sensi-
tivity tests presented in Fig. 11 show that the difference in
growth rates between the two zooplankton PFTs is too small
to impact the phytoplankton significantly.
The higher concentration of macrozooplankton biomass in
the north compared to the south is consistent with the ob-
servations, where the mean biomasses of macrozooplankton
were reported to be 3 times higher in the Northern Hemi-
sphere compared to the Southern Hemisphere (Moriarty et
al., 2013). A similar contrast is found between the Atlantic
and Pacific sectors of the Southern Ocean, where the high
macrozooplankton biomass observed in the Atlantic (Atkin-
son et al., 2004) would reduce the abundance of smaller zoo-
plankton, resulting in higher Chl concentrations in the At-
lantic sector, as simulated in PlankTOM10 (Fig. 4). Such
trophic cascades have been observed in diverse ecosystems
on land and in the ocean (Casini et al., 2009). Furthermore,
many observational-based studies have highlighted the im-
portant role of zooplankton grazing for controlling phyto-
plankton biomass (Atkinson et al., 2001; Banse, 1996; Du-
bischar and Bathmann, 1997; Granl´i et al., 1993). Although
some processes are missing from the model (e.g. vertical mi-
gration of zooplankton, which mostly contributes to down-
ward export), the model suggests that the primary cascading
effect of grazing is sufficient to account for a large part of the
north / south Chl differences.
Our results indicate that zooplankton grazing exerts an
important control on Southern Ocean Chl. This propagates
through to influence phytoplankton biomass. Indeed, the
north / south ratio of phytoplankton biomass at the surface
is greater in PlankTOM10 (1.62) compared to PlankTOM6
(1.18), very close to the modelled north / south ratio of Chl.
The difference between PlankTOM10 and PlankTOM6 also
persists through depth until about 300 m. Because of these
marked differences, it is clear that the representation of
global biogeochemical cycles in ocean models is influenced
by the ecosystem structure. In both PlankTOM6 and Plank-
TOM10, the mesozooplankton and macrozooplankton fae-
cal pellets aggregate into the same large, fast-sinking par-
ticle pool, thus limiting the effect of different size classes of
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zooplankton on carbon export. To distinguish the effects of
different food-web structures on export production, a wider
spectrum of particle size classes sinking at different speeds
are needed (e.g. Kriest, 2002). In addition, an improved
vertical dynamics of the mesopelagic zone, together with
the enhanced representation of zooplankton dynamics in the
present study would allow further exploration of the interac-
tions between iron fertilisation, grazing, and mixed-layer dy-
namics, which have led to large differences among ocean iron
fertilisation experiments (Smetacek and Naqvi 2008; Boyd et
al., 2008).
There are a number of limitations to the current version
of PlankTOM10, including simplified overwintering strate-
gies for zooplankton, the use of a coarse Fe model, and the
lack of representation of semi-refractory organic matter. In
addition, the model does not include some ecosystem path-
ways, such as viral lysis (Evans et al., 2009), and the zoo-
plankton representation does not include salps, pteropods,
and auto- and mixo-trophic dinoflagellates. The nano- and
micro-zooplankton are also combined into a single compart-
ment. The realism of the simulations may also be affected by
the relatively coarse resolution of the physical ocean model.
However, these biases affect both PlankTOM6 and Plank-
TOM10, and thus the experiments still provide information
on the processes that differ between the two models. Our
work suggests that improved representation of the zooplank-
ton components could help further constrain the processes
that regulate Chl distribution in models. The effect of further
ecosystem model developments will be explored in follow-
up studies.
5 Conclusions
The development of global marine ecosystem models is ham-
pered in particular because of our poor understanding of sev-
eral critical ecosystem processes and food-web interactions
(Smetacek et al., 2004), and the paucity of global-scale ob-
servation of physiological rates and biomass for parameteri-
sation and validation (Le Quéré and Pesant, 2008; Barton et
al., 2013). For example, the wide range in observed growth
rates for the same temperature is an indication of the chal-
lenges met by marine ecosystem modellers, particularly in
representing the within-PFT diversity, which is unaccounted
for in our model. In addition, the lack in knowledge of trophic
relationships means that semi-arbitrary choices have to be
made to characterise the predator–prey relationships based
on size. Much more work is needed to understand the spe-
cific pathways by which matter circulates within ecosystems,
taking into account the regional distributions of zooplankton
groups and interactions with the environment including sea-
sonal mixed-layer dynamics.
The role of macrozooplankton highlighted here has im-
plications for carbon export to depth because faecal pel-
lets of some macrozooplankton have very fast sinking rates
(Fortier et al., 1994; Turner 2002). Hence, a more explicit
representation of the pelagic food web in global models is
needed to capture the full range of interactions between ma-
rine ecosystems, marine biogeochemistry and climate. The
synthesis and analysis of observations and model results by
the MAREDAT and MAREMIP projects provide valuable in-
sights into the processes that control marine ecosystems, in-
cluding the contributions that different PFTs make to ocean
biomass (Buitenhuis et al., 2013a; Hashioka et al., 2013;
Sailley et al., 2013).
Our simulations examining the effects of grazing on phy-
toplankton biomass raise questions about the biological and
biogeochemical bases for the current projections of the feed-
backs between climate (and other environmental changes)
and marine ecosystems. It also highlights potential com-
plications for the large-scale proposed use of purposeful
Fe-fertilisation to enhance the deep ocean storage of CO2
(Ciais et al., 2013). Assessments of the impact of such
geo-engineering techniques will be unreliable, at least until
the full ecosystem response including the grazing pathways
(Landry et al., 1997) and the relationship between ecosys-
tem dynamics and deep water carbon export (Smetacek et al.,
2012) can be reproduced with models, which could be used
to make quantitative predictions of deliberate Fe-fertilisation
over large areas.
Our results on the important role of grazing do not con-
tradict the results on the importance of Fe-fertilisation as
highlighted in Fe enrichment experiments (Boyd and al.,
2007), because additional Fe would trigger further growth
provided that Fe were initially below an optimal concentra-
tion (Blain et al., 2007). However, our results suggest that
low Fe concentrations by themselves are insufficient to ac-
count for the very low Chl levels observed in the Southern
Ocean HNLC region in summer, and that differences in zoo-
plankton trophic and community structure, and concomitant
grazing dynamics play an important role in controlling phy-
toplankton blooms and maintaining very low Chl levels in
that region. Although previous studies emphasised the role
of phytoplankton community structure (Arrigo et al., 1999)
and mixed-layer dynamics for nutrient supply and demand
(Platt et al., 2003a, b) in ocean biogeochemical cycles, our
analysis makes it clear that it is important to consider the
whole pelagic ecosystem, including the zooplankton, when
studying and predicting ecosystem responses to Fe (or any
essential nutrient) fertilisation. This complex interplay has
received less attention than either the drivers of primary pro-
duction or the representation of Fe cycling in global biogeo-
chemical modelling. Our results suggest that representing
zooplankton interactions more explicitly in models would
improve the representation of biogeochemistry–climate in-
teractions, and could bring new insights to understand chang-
ing global biogeochemical cycles.
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The Supplement related to this article is available online
at doi:10.5194/bg-13-4111-2016-supplement.
Acknowledgements. The structure of PlankTOM10 was developed
through a series of seven international workshops funded in part by
the Max Planck Institute for Biogeochemistry in Jena, Germany,
and hosted by the Villefranche Oceanography Laboratory, France.
We thank C. Klaas and D. Wolf-Gladrow for their input on model
development and interpretation, S. Pesant for support with data
compilations, G. Madec and the NEMO team for assistance
with the physical model, A. Tagliabue for providing the iron
database, N. Mahowald for providing dust deposition fields, V.
Smetacek and one anonymous referee for their comments. C. Le
Quéré and E. T. Buitenhuis were funded by UK-NERC projects
NE/C516079/1 and NE/K001302/1, and European Commission
project EMBRACE 282672. R. Moriarty was funded by EU
FAASIS project MEST/CT/2004/514159. M. Vogt was funded by
the Marie Curie Research and Training Network GREENCYCLES
project MC-RTN-512464 and EUR-OCEANS project 282672.
Model simulations were run on the High Performance Computing
Cluster of the University of East Anglia.
Edited by: G. Herndl
Reviewed by: V. Smetacek and one anonymous referee
References
Agawin, N. S. R., Duarte, C. M., and Agusti, S.: Growth and abun-
dance of Synechococcus sp. in a Mediterranean Bay: seasonal-
ity and relationship with temperature, Mar. Ecol.-Prog. Ser., 170,
45–53, 1998.
Aita, M. N., Yamanaka, Y., and Kishi, M. J.: Effects of ontogenetic
vertical migration of zooplankton on annual primary production
– using NEMURO embedded in a general circulation model,
Fish. Oceanogr., 12, 284–290, 2003.
Alvain, S., Moulin, C., Dandonneau, Y., and Breon, F. M.: Remote
sensing of phytoplankton groups in case 1 waters from global
SeaWiFS imagery, Deep-Sea Res. Pt. I, 52, 1989–2004, 2005.
Anderson, L. A. and Sarmiento, J. L.: Redfield Ratios of Rem-
ineralization Determined by Nutrient Data-Analysis, Global Bio-
geochem. Cy., 8, 65–80, 1994.
Antonov, J. I., Locarnini, R. A., Boyer, T. P., Mishonov, A. V., and
Garcia, H. E.: World Ocean Atlas 2005, Volume 2: Salinity, US
Government Printing Office, Washington D.C., 192, 2006.
Arora, V. K., Scinocca, J. F., Boer, G. J., Christian, J. R., Denman,
K. L., Flato, G. M., Kharin, V. V., Lee, W. G., and Merryfield, W.
J.: Carbon emission limits required to satisfy future representa-
tive concentration pathways of greenhouse gases, Geophys. Res.
Lett., 38, doi:10.1029/2010GL046270, 2011.
Arrigo, K. R., Robinson, D. H., Worthen, D. L., Dunbar, R. B., Di-
Tullio, G. R., VanWoerf, M., and Lizotte, M. P.: Phytoplankton
community structure and the drawdown of nutrients and CO2 in
the Southern Ocean, Science, 283, 365–367, 1999.
Atkinson, A., Whitehouse, M. J., Priddle, J., Cripps, G. C., Ward,
P., and Brandon, M. A.: South Georgia, Antarctica: a productive,
cold water, pelagic ecosystem†, Mar. Ecol.-Prog. Ser., 216, 279–
308, doi:10.3354/meps216279, 2001.
Atkinson, A., Siegel, V., Pakhomov, E., and Rothery, P.: Long-term
decline in krill stock and increase in salps within the Southern
Ocean, Nature, 432, 100–103, 2004.
Aumont, O. and Bopp, L.: Globalizing results from ocean in situ
iron fertilization studies, Global Biogeochem. Cy., 20, GB2017,
doi:10.1029/2005GB002591, 2006.
Banse, K.: Zooplankton – pivotal role in the control of ocean pro-
duction, Ices J. Mar. Sci., 52, 265–277, 1995.
Banse, K.: Low seasonality of low concentrations of surface chloro-
phyll in the Subantarctic water ring: underwater irradiance, iron,
or grazing?, Prog. Oceanogr., 37, 241–291, doi:10.1016/S0079-
6611(96)00006-7, 1996.
Barton, A. D., Pershing, A. J., Litchman, E., Record, N. R., Ed-
wards, K. F., Finkel, Z. V., Kiorboe, T., and Ward, B. A.: The
biogeography of marine plankton traits, Ecol. Lett., 16, 522–534,
2013.
Bianchi, D., Galbraith, E. D., Carozza, D. A., Mislan, K. A. S., and
Stock, C. A.: Intensification of open-ocean oxygen depletion by
vertically migrating animals, Nat. Geosci., 6, 545–548, 2013.
Bishop, J. K. B. and Wood, T. J.: Year-round observations of carbon
biomass and flux variability in the Southern Ocean, Global Bio-
geochem. Cy., 23, GB2019, doi:10.1029/2008GB003206, 2009.
Bissinger, J. E., Montagnes, D. J. S., Sharples, J., and Atkinson, D.:
Predicting marine phytoplankton maximum growth rates from
temperature: Improving on the Eppley curve using quantile re-
gression, Limnol. Oceanogr., 53, 487–493, 2008.
Blain, S., Quéguiner, B., Armand, L., Belviso, S., Bombled, B.,
Bopp, L., Bowie, A., Brunet, C., Brussaard, C., Carlotti, F.,
Christaki, U., Corbiere, A., Durand, I., Ebersbach, F., Fuda, J.
L., Garcia, N., Gerringa, L., Griffiths, B., Guigue, C., Guillerm,
C., Jacquet, S., Jeandel, C., Laan, P., Lefevre, D., Lo Monaco, C.,
Malits, A., Mosseri, J., Obernosterer, I., Park, Y. H., Picheral, M.,
Pondaven, P., Remenyi, T., Sandroni, V., Sarthou, G., Savoye, N.,
Scouarnec, L., Souhaut, M., Thuiller, D., Timmermans, K., Trull,
T., Uitz, J., van Beek, P., Veldhuis, M., Vincent, D., Viollier, E.,
Vong, L., and Wagener, T.: Effect of natural iron fertilization on
carbon sequestration in the Southern Ocean, Nature, 446, 1070–
1075, 2007.
Bopp, L., Kohfeld, K. E., Le Quere, C., and Aumont, O.: Dust im-
pact on marine biota and atmospheric CO2 in glacial periods,
Paleoceanography, 18, doi:10.1029/2002PA000810, 2002.
Boyd, P. W., Jickells, T., Law, C. S., Blain, S., Boyle, E. A., Bues-
seler, K. O., Coale, K. H., Cullen, J. J., de Baar, H. J. W., Fol-
lows, M., Harvey, M., Lancelot, C., Levasseur, M., Owens, N.
P. J., Pollard, R., Rivkin, R. B., Sarmiento, J., Schoemann, V.,
Smetacek, V., Takeda, S., Tsuda, A., Turner, S., and Watson, A.
J.: Mesoscale Iron Enrichment Experiments 1993–2005: Synthe-
sis and Future Directions, Science, 315, 612–617, 2007.
Boyd, P. W., Doney, S. C., Strzepek, R., Dusenberry, J., Lind-
say, K., and Fung, I.: Climate-mediated changes to mixed-layer
properties in the Southern Ocean: assessing the phytoplankton
response, Biogeosciences, 5, 847–864, doi:10.5194/bg-5-847-
2008, 2008.
Brewin, R. J. W., Lavender, S. J., and Hardman-Mountford, N. J.:
Mapping size-specific phytoplankton primary production on a
global scale, J. Maps, 6, 448–462, 2010.
Biogeosciences, 13, 4111–4133, 2016 www.biogeosciences.net/13/4111/2016/
C. Le Quéré et al.: Role of zooplankton dynamics in the Southern Ocean 4129
Brown, C. W. and Yoder, J. A.: Coccolithophorid blooms in the
global ocean, J. Geophys. Res.-Oceans, 99, 7467–7482, 1994.
Buitenhuis, E., Le Quéré, C., Aumont, O., Beaugrand, G., Bunker,
A., Hirst, A., Ikeda, T., O’Brien, T., Piontkovski, S., and Straile,
D.: Biogeochemical fluxes through mesozooplankton, Global
Biogeochem. Cy., 20, GB2003, doi:10.1029/2005GB002511,
2006.
Buitenhuis, E. T. and Geider, R. J.: A model of phytoplankton ac-
climation to iron-light colimitation, Limnol. Oceanogr., 55, 714–
724, 2010.
Buitenhuis, E. T., van der Wal, P., and de Baar, H.: Blooms of Emil-
iania huxleyi are sinks of atmospheric carbon dioxide; a field and
mesocosm study derived simulation, Global Biogeochem. Cy.,
15, 577–588, 2001.
Buitenhuis, E. T., Pangerc, T., Franklin, D. J., Le Quere, C., and
Malin, G.: Growth rates of six coccolithophorid strains as a
function of temperature, Limnol. Oceanogr., 53, 1181–1185,
doi:10.4319/lo.2008.53.3.1181, 2008.
Buitenhuis, E. T., Rivkin, R. B., Sailley, S., and Le Quere, C.:
Biogeochemical fluxes through microzooplankton, Global Bio-
geochem. Cy., 24, GB4015, doi:10.1029/2009GB003601, 2010.
Buitenhuis, E. T., Li, W. K. W., Lomas, M. W., Karl, D. M., Landry,
M. R., and Jacquet, S.: Picoheterotroph (Bacteria and Archaea)
biomass distribution in the global ocean, Earth Syst. Sci. Data, 4,
101–106, doi:10.5194/essd-4-101-2012, 2012a.
Buitenhuis, E. T., Li, W. K. W., Vaulot, D., Lomas, M. W.,
Landry, M. R., Partensky, F., Karl, D. M., Ulloa, O., Camp-
bell, L., Jacquet, S., Lantoine, F., Chavez, F., Macias, D., Gos-
selin, M., and McManus, G. B.: Picophytoplankton biomass dis-
tribution in the global ocean, Earth Syst. Sci. Data, 4, 37–46,
doi:10.5194/essd-4-37-2012, 2012b.
Buitenhuis, E. T., Hashioka, T., and Le Quéré, C.: Combined con-
straints on global ocean primary production using observations
and models, Global Biogeochem. Cy., 27, 847–858, 2013a.
Buitenhuis, E. T., Vogt, M., Moriarty, R., Bednaršek, N., Doney, S.
C., Leblanc, K., Le Quéré, C., Luo, Y.-W., O’Brien, C., O’Brien,
T., Peloquin, J., Schiebel, R., and Swan, C.: MAREDAT: towards
a world atlas of MARine Ecosystem DATa, Earth Syst. Sci. Data,
5, 227–239, doi:10.5194/essd-5-227-2013, 2013b.
Calbet, A.: Mesozooplankton grazing effect on primary production:
A global comparative analysis in marine ecosystems, Limnol.
Oceanogr., 46, 1824–1830, 2001.
Casini, M., Hjelm, J., Molinero, J.-C., Lövgren, J., Cardi-
nale, M., Bartolino, V., Belgrano, A., and Kornilovs, G.:
Trophic cascades promote threshold-like shifts in pelagic ma-
rine ecosystems, P. Natl. Acad. Sci. USA, 106, 197–202,
doi:10.1073/pnas.0806649105, 2009.
Chen, B. Z. and Liu, H. B.: Relationships between phytoplank-
ton growth and cell size in surface oceans: Interactive effects of
temperature, nutrients, and grazing, Limnol. Oceanogr., 55, 965–
972, 2010.
Cho, J. C. and Giovannoni, S. J.: Cultivation and growth charac-
teristics of a diverse group of oligotrophic marine Gammapro-
teobacteria, Appl. Environ. Microb., 70, 432–440, 2004.
Ciais, P., Sabine, C., Govindasamy, B., Bopp, L., Brovkin, V.,
Canadell, J., Chhabra, A., DeFries, R., Galloway, J., Heimann,
M., Jones, C., Le Quéré, C., Myneni, R., Piao, S., and Thorn-
ton, P.: Chapter 6: Carbon and Other Biogeochemical Cycles,
in: Climate Change 2013 The Physical Science Basis, edited by:
Stocker, T., Qin, D., and Platner, G.-K., Cambridge University
Press, Cambridge, 2013.
da Cunha, L. C., Buitenhuis, E. T., Le Quere, C., Giraud, X., and
Ludwig, W.: Potential impact of changes in river nutrient supply
on global ocean biogeochemistry, Global Biogeochem. Cy., 21,
GB4007, doi:10.1029/2006GB002718, 2007.
Daewel, U., Saetre Hjollo, S., Huret, M., Rubao, J., Maar, M., Niira-
nen, S., Travers-Trolet, M., Peck, M. A., and van de Wolfshaar,
K. E.: Predation control of zooplankton dynamics: a review of
observations and models, Ices J. Mar. Sci., 71, 254–271, 2014.
Doney, S. C., Lima, I., Feely, R. A., Glover, D. M., Lindsay, K.,
Mahowald, N., Moore, J. K., and Wanninkhof, R.: Mechanisms
governing interannual variability in upper-ocean inorganic car-
bon system and air-sea CO2 fluxes: Physical climate and atmo-
spheric dust, Deep-Sea Res. Pt. II, 56, 640–655, 2009.
Dubischar, C. D. and Bathmann, U. V.: Grazing impact of copepods
and salps on phytoplankton in the Atlantic sector of the Southern
ocean, Deep-Sea Res. Pt. II, 44, 415–433, doi:10.1016/S0967-
0645(96)00064-1, 1997.
Ducklow, H. W.: Microbial services: challenges for microbial ecolo-
gists in a changing world, Aquat. Microb. Ecol., 53, 13–19, 2008.
Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O.,
Aumont, O., Balkanski, Y., Bekki, S., Bellenger, H., Benshila,
R., Bony, S., Bopp, L., Braconnot, P., Brockmann, P., Cadule,
P., Cheruy, F., Codron, F., Cozic, A., Cugnet, D., de Noblet,
N., Duvel, J.-P., Ethé, C., Fairhead, L., Fichefet, T., Flavoni,
S., Friedlingstein, P., Grandpeix, J.-Y., Guez, L., Guilyardi, E.,
Hauglustaine, D., Hourdin, F., Idelkadi, A., Ghattas, J., Jous-
saume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahel-
lec, A., Lefebvre, M.-P., Lefevre, F., Levy, C., Li, Z. X., Lloyd,
J., Lott, F., Madec, G., Mancip, M., Marchand, M., Masson, S.,
Meurdesoif, Y., Mignot, J., Musat, I., Parouty, S., Polcher, J., Rio,
C., Schulz, M., Swingedouw, D., Szopa, S., Talandier, C., Terray,
P., Viovy, N., and Vuichard, N.: Climate change projections us-
ing the IPSL-CM5 Earth System Model: from CMIP3 to CMIP5,
Clim. Dynam., 40, 2123–2165, 2013.
Dutkiewicz, S., Follows, M. J., and Parekh, P.: Interactions
of the iron and phosphorus cycles: A three-dimensional
model study, Global Biogeochem. Cy., 19, GB1021,
doi:10.1029/2004GB002342, 2005.
Eppley, R. W.: Temperature and phytoplankton growth in the sea,
Fisheries Bulletin, 70, 1063–1085, 1972.
Evans, C., Pearce, I., and Brussaard, C. P. D.: Viral-mediated ly-
sis of microbes and carbon release in the sub-Antarctic and Polar
Frontal zones of the Australian Southern Ocean, Environ. Micro-
biol., 11, 2924–2934, doi:10.1111/j.1462-2920.2009.02050.x,
2009.
Fortier, L., Lefevre, J., and Legendre, L.: Export of bio-
genic carbon to fish and to the deep ocean: the role of
large planktonic microphages, J. Plankton Res., 16, 809–839,
doi:10.1093/plankt/16.7.809, 1994.
Frost, B. W.: The role of grazing in nutrient-rich areas of the open
ocean, Limnol. Oceanogr., 39, 1616–1630, 1991.
Garcia, H. E., Locarnini, R. A., Boyer, T. P., and Antono, J. I.:
World Ocean Atlas 2005 Volume 3: Dissolved Oxygen, Appar-
ent Oxygen Utilization, and Oxygen Saturation, in: NOAA Atlas
NESDIS edited by: Levitus, S., US Government Printing Office,
Washington D.C., 342, 2006a.
www.biogeosciences.net/13/4111/2016/ Biogeosciences, 13, 4111–4133, 2016
4130 C. Le Quéré et al.: Role of zooplankton dynamics in the Southern Ocean
Garcia, H. E., Locarnini, R. A., Boyer, T. P., and Antonov, J. I.:
World Ocean Atlas 2005, Volume 4: Nutrients (phosphate, ni-
trate, silicate), in: NOAA Atlas NESDIS edited by: Levitus, S.,
US Government Printing Office, Washington D.C., 396, 2006b.
Geider, R. J. and La Roche, J.: The role of iron in phytoplankton
photosynthesis, and the potential for iron-limitation of primary
productivity in the sea, Photosynth. Res., 39, 275–301, 1994.
Geider, R. J., MacIntyre, H. L., and Kana, T. M.: Dynamic model
of phytoplankton growth and acclimation: Responses of the bal-
anced growth rate and the chlorophyll a: carbon ratio to light,
nutrient-limitation and temperature, Mar. Ecol.-Prog. Ser., 148,
187–200, 1997.
Gent, P. R. and McWilliams, J. C.: Isopycnal mixing in the ocean
circulation models, J. Phys. Oceanogr., 20, 150–155, 1990.
Ginoux, P., Chin, M., Tegen, I., Prospero, J. M., Holben, B.,
Dubovik, O., and Lin, S. J.: Sources and distributions of dust
aerosols simulated with the GOCART model, J. Geophys. Res.-
Atmos., 106, 20255–20273, 2001.
Giorgetta, M. A., Jungclaus, J., Reick, C. H., Legutke, S., Bader,
J., Böttinger, M., Brovkin, V., Crueger, T., Esch, M., Fieg, K.,
Glushak, K., Gayler, V., Haak, H., Hollweg, H., Ilyina, T., Kinne,
S., Kornblueh, L., Matei, D., Mauritsen, T., Mikolajewicz, U.,
Mueller, W., Notz, D., Pithan, F., Raddatz, T., Rast, S., Redler,
R., Roeckner, E., Schmidt, H., Schnur, R., Segschneider, J., Six,
K. D., Stockhause, M., Timmreck, C., Wegner, J., Widmann, H.,
Wieners, K.-H., Claussen, M., Marotzke, J., and Stevens, B.:
Climate and carbon cycle changes from 1850 to 2100 in MPI-
ESM CMIP5 simulations for the coupled model intercomparison
project phase 5, J. Adv. Model. Earth Syst., 5, 572–597, 2013.
Granl´i, E., Granéli, W., Rabbani, M., Daugbjerg, N., Fransz, G.,
Roudy, J., and Alder, V.: The influence of copepod and krill
grazing on the species composition of phytoplankton commu-
nities from the Scotia Weddell sea, Polar Biol., 13, 201–213,
doi:10.1007/BF00238930, 1993.
Gregg, W. W. and Casey, N. W.: Modeling coccolithophores in the
global oceans, Deep-Sea Res. Pt. II, 54, 447–477, 2007.
Gregg, W. W., Ginoux, P., Schopf, P. S., and Casey, N. W.: Phyto-
plankton and iron: validation of a global three-dimensional ocean
biogeochemical model, Deep-Sea Res. Pt. II, 50, 3143–3169,
2003.
Gruber, N.: The marine nitrogen cycle: Overview of distributions
and processes, in: Nitrogen in the Marine Environment„ edited
by: Capone, D. G., Elsevier, Amsterdam, 2008.
Hansen, P. J., Bjornsen, P. K., and Hansen, B. W.: Zooplankton graz-
ing and growth: Scaling within the 2–2,000-µm body size range,
Limnol. Oceanogr., 42, 687–704, 1997.
Hashioka, T., Vogt, M., Yamanaka, Y., Le Quéré, C., Buitenhuis, E.
T., Aita, M. N., Alvain, S., Bopp, L., Hirata, T., Lima, I., Sail-
ley, S., and Doney, S. C.: Phytoplankton competition during the
spring bloom in four plankton functional type models, Biogeo-
sciences, 10, 6833–6850, doi:10.5194/bg-10-6833-2013, 2013.
Henjes, J., Assmy, P., Klaas, C., Verity, P., and Smetacek,
V.: Response of microzooplankton (protists and small cope-
pods) to an iron-induced phytoplankton bloom in the South-
ern Ocean (EisenEx), Deep-Sea Res. Pt. I, 54, 363–384,
doi:10.1016/j.dsr.2006.12.004, 2007.
Hirst, A. G. and Bunker, A. J.: Growth of marine planktonic cope-
pods: Global rates and patterns in relation to chlorophyll a, tem-
perature, and body weight, Limnol. Oceanogr., 48, 1988–2010,
2003.
Hirst, A. G. and Kiorboe, T.: Mortality of marine planktonic cope-
pods: global rates and patterns, Mar. Ecol.-Prog. Ser., 230, 195–
2009, 2002.
Hirst, A. G., Roff, J. C., and Lampitt, R. S.: A synthesis of growth
rates in marine epipelagic invertebrate zooplankton, Adv. Mar.
Biol., 41, 1–142, 2003.
Hood, R. R., Laws, E. A., Armstrong, R. A., Bates, N. R., Brown,
C. W., Carlson, C. A., Chai, F., Doney, S. C., Falkowski, P. G.,
Feely, R. A., Friedrichs, M. A. M., Landry, M. R., Moore, J. K.,
Nelson, D. M., Richardson, T. L., Salihoglu, B., Schartau, M.,
Toole, D. A., and Wiggert, J. D.: Pelagic functional group mod-
eling: Progress, challenges and prospects, Deep-Sea Res. Pt. II,
53, 459–512, 2006.
Jickells, T. D., An, Z. S., Andersen, K. K., Baker, A. R., Bergametti,
G., Brooks, N., Cao, J. J., Boyd, P. W., Duce, R. A., Hunter, K.
A., Kawahata, H., Kubilay, N., laRoche, J., Liss, P. S., Mahowald,
N., Prospero, J. M., Ridgwell, A. J., Tegen, I., and Torres, R.:
Global iron connections between desert dust, ocean biogeochem-
istry, and climate, Science, 308, 67–71, 2005.
Johnson, R., Strutton, P. G., Wright, S. W., McMinn, A., and Mein-
ers, K. M.: Three improved satellite chlorophyll algorithms for
the Southern Ocean, J. Geophys. Res.-Oceans, 118, 3694–3703,
doi:10.1002/jgrc.20270, 2013.
Johnson, Z. I., Zinser, E. R., Coe, A., McNulty, N. P., Woodward, E.
M. S., and Chisholm, S. W.: Niche partitioning among Prochloro-
coccus ecotypes along ocean-scale environmental gradients, Sci-
ence, 311, 1737–1740, 2006.
Jones, C. D., Hughes, J. K., Bellouin, N., Hardiman, S. C., Jones,
G. S., Knight, J., Liddicoat, S., O’Connor, F. M., Andres, R.
J., Bell, C., Boo, K.-O., Bozzo, A., Butchart, N., Cadule, P.,
Corbin, K. D., Doutriaux-Boucher, M., Friedlingstein, P., Gor-
nall, J., Gray, L., Halloran, P. R., Hurtt, G., Ingram, W. J., Lamar-
que, J.-F., Law, R. M., Meinshausen, M., Osprey, S., Palin, E.
J., Parsons Chini, L., Raddatz, T., Sanderson, M. G., Sellar, A.
A., Schurer, A., Valdes, P., Wood, N., Woodward, S., Yoshioka,
M., and Zerroukat, M.: The HadGEM2-ES implementation of
CMIP5 centennial simulations, Geosci. Model Dev., 4, 543–570,
doi:10.5194/gmd-4-543-2011, 2011.
Key, R. M., Kozyr, A., Sabine, C. L., Lee, K., Wanninkhof, R.,
Bullister, J. L., Feely, R. A., Millero, F. J., Mordy, C., and Peng,
T.-H.: A global ocean carbon climatology: Results from Global
Data Analysis Project (GLODAP), Global Biogeochem. Cy., 15,
GB4031, doi:10.1029/2004GB002247, 2004.
Kishi, M. J., Kashiwai, M., Ware, D. M., Megrey, B. A., Eslinger,
D. L., Werner, F. E., Noguchi-Aita, M., Azumaya, T., Fujii, M.,
Hashimoto, S., Huang, D., Iizumi, H., Ishida, Y., Kang, S., Kan-
takov, G. A., Kim, H., Komatsu, K., Navrotsky, V. V., Smith, S.
L., Tadokoro, K., Tsuda, A., Yamamura, O., Yamanaka, Y., Yok-
ouchi, K., Yoshie, N., Zhang, J., Zuenko, Y. I., and Zvalinsky, V.
I.: NEMURO – introduction to a lower trophic level model for
the North Pacific marine ecosystem, Ecol. Model., 202, 12–25,
2007.
Kohfeld, K. E., Le Quere, C., Harrison, S. P., and Anderson, R. F.:
Role of marine biology in glacial-interglacial CO2 cycles, Sci-
ence, 308, 74–78, 2005.
Kriest, I.: Different parameterizations of marine snow in a 1D-
model and their influence on representation of marine snow, ni-
Biogeosciences, 13, 4111–4133, 2016 www.biogeosciences.net/13/4111/2016/
C. Le Quéré et al.: Role of zooplankton dynamics in the Southern Ocean 4131
trogen budget and sedimentation, Deep-Sea Res. Pt. I, 49, 2133–
2162, doi:10.1016/S0967-0637(02)00127-9, 2002.
Landry, M. R., Barber, R. T., Bidigare, R. R., Chai, F., Coale, K.
H., Dam, H. G., Lewis, M. R., Lindley, S. T., McCarthy, J. J.,
Roman, M. R., Stoecker, D. K., Verity, P. G., and White, J. R.:
Iron and grazing constraints on primary production in the central
equatorial Pacific: An EqPac synthesis, Limnol. Oceanogr., 42,
405–418, 1997.
LaRoche, J. and Breitbarth, E.: Importance of the diazotrophs as a
source of new nitrogen in the ocean, J. Sea Res., 53, 67–91, 2005.
Latasa, M., Henjes, J., Scharek, R., Assmy, P., Rottgers, R., and
Smetacek, V.: Progressive decoupling between phytoplankton
growth and microzooplankton grazing during an iron-induced
phytoplankton bloom in the Southern Ocean (EIFEX), Mar.
Ecol.-Prog. Ser., 513, 39–50, doi:10.3354/meps10937, 2014.
Leblanc, K., Arístegui, J., Armand, L., Assmy, P., Beker, B., Bode,
A., Breton, E., Cornet, V., Gibson, J., Gosselin, M.-P., Kopczyn-
ska, E., Marshall, H., Peloquin, J., Piontkovski, S., Poulton, A. J.,
Quéguiner, B., Schiebel, R., Shipe, R., Stefels, J., van Leeuwe,
M. A., Varela, M., Widdicombe, C., and Yallop, M.: A global di-
atom database – abundance, biovolume and biomass in the world
ocean, Earth Syst. Sci. Data, 4, 149–165, doi:10.5194/essd-4-
149-2012, 2012.
Lee, K.: Global net community production estimated from the an-
nual cycle of surface water total dissolved inorganic carbon, Lim-
nol. Oceanogr, 46, 1287–1297, 2001.
Le Quéré, C. and Pesant, S.: Plankton Functional Types in a New
Generation of Biogeochemical Models: Integration of Plankton
Abundance Data for the Evaluation of Marine Biogeochemical
Models, EOS, 90, 30–31, doi:10.1029/2009EO040004, 2008.
Le Quéré, C., Harrison, S. P., Prentice, I. C., Buitenhuis, E. T., Au-
mont, O., Bopp, L., Claustre, H., Da Cunha, L. C., Geider, R.,
Giraud, X., Klaas, C., Kohfeld, K. E., Legendre, L., Manizza, M.,
Platt, T., Rivkin, R. B., Sathyendranath, S., Uitz, J., Watson, A.
J., and Wolf-Gladrow, D.: Ecosystem dynamics based on plank-
ton functional types for global ocean biogeochemistry models,
Glob. Change Biol., 11, 2016–2040, 2005.
Le Vu, B.: La biocalcification dans l’océan actuel à travers
l’organisme modèle Emiliania huxleyi, PhD, Universite Pierre et
Marie Curie, Paris, 2005.
Locarnini, R. A., Mishonov, A. V., Antonov, J. I., Boyer, T. P., and
Garcia, H. E.: World Ocean Atlas 2005, Volume 1: Temperature,
US Government Printing Office, Washington D.C., 182, 2006.
Luo, Y.-W., Doney, S. C., Anderson, L. A., Benavides, M., Berman-
Frank, I., Bode, A., Bonnet, S., Boström, K. H., Böttjer, D.,
Capone, D. G., Carpenter, E. J., Chen, Y. L., Church, M. J.,
Dore, J. E., Falcón, L. I., Fernández, A., Foster, R. A., Furuya,
K., Gómez, F., Gundersen, K., Hynes, A. M., Karl, D. M., Kita-
jima, S., Langlois, R. J., LaRoche, J., Letelier, R. M., Marañón,
E., McGillicuddy Jr., D. J., Moisander, P. H., Moore, C. M.,
Mouriño-Carballido, B., Mulholland, M. R., Needoba, J. A., Or-
cutt, K. M., Poulton, A. J., Rahav, E., Raimbault, P., Rees, A. P.,
Riemann, L., Shiozaki, T., Subramaniam, A., Tyrrell, T., Turk-
Kubo, K. A., Varela, M., Villareal, T. A., Webb, E. A., White,
A. E., Wu, J., and Zehr, J. P.: Database of diazotrophs in global
ocean: abundance, biomass and nitrogen fixation rates, Earth
Syst. Sci. Data, 4, 47–73, doi:10.5194/essd-4-47-2012, 2012.
Madec, G. and Imbard, M.: A global ocean mesh to overcome the
North Pole singularity, Clim. Dynam., 12, 381–388, 1996.
Mahowald, N. M. and Luo, C.: A less dusty future?, Geophys. Res.
Lett., 30, 1903, doi:10.1029/2003GL017880, 2003.
Mahowald, N. M., Engelstaedter, S., Luo, C., Sealy, A., Artaxo, P.,
Benitez-Nelson, C., Bonnet, S., Chen, Y., Chuang, P. Y., Cohen,
D. D., Dulac, F., Herut, B., Johansen, A. M., Kubilay, N., Losno,
R., Maenhaut, W., Paytan, A., Prospero, J. A., Shank, L. M., and
Siefert, R. L.: Atmospheric Iron Deposition: Global Distribution,
Variability, and Human Perturbations, Annu. Rev. Mar. Sci., 1,
245–278, 2009.
Maier-Reimer, E.: Geochemical Cycles in an Ocean General-
Circulation Model – Preindustrial Tracer Distributions, Global
Biogeochem. Cy., 7, 645–677, 1993.
Maier-Reimer, E., Mikolajewicz, U., and Winguth, A.: Future ocean
uptake of CO2: Interaction between ocean circulation and biol-
ogy, Clim. Dynam., 12, 711–721, 1996.
Martin, J. H.: Glacial-interglacial CO2 change: The iron hypothesis,
Paleoceanography, 5, 1–13, 1990.
Martin, P., van der Loeff, M. R., Cassar, N., Vandromme, P.,
d’Ovidio, F., Stemmann, L., Rengarajan, R., Soares, M., Gonza-
lez, H. E., Ebersbach, F., Lampitt, R. S., Sanders, R., Barnett, B.
A., Smetacek, V., and Naqvi, S. W. A.: Iron fertilization enhanced
net community production but not downward particle flux dur-
ing the Southern Ocean iron fertilization experiment LOHAFEX,
Global Biogeochem. Cy., 27, 871–881, doi:10.1002/gbc.20077,
2013.
Moore, J. K. and Doney, S. C.: Iron availability limits the ocean
nitrogen inventory stabilizing feedbacks between marine deni-
trification and nitrogen fixation, Global Biogeochem. Cy., 21,
GB2001, doi:10.1029/2006GB002762, 2007.
Moore, J. K., Doney, S. C., and Lindsay, K.: Upper ocean
ecosystem dynamics and iron cycling in a global three-
dimensional model, Global Biogeochem. Cy., 18, GB4028,
doi:10.1029/2004GB002220, 2004.
Moore, J. K., Doney, S. C., Lindsay, K., Mahowald, N., and
Michaels, A. F.: Nitrogen fixation amplifies the ocean biogeo-
chemical response to decadal timescale variations in mineral dust
deposition, Tellus, 58B, 560–572, 2006.
Moore, L. R., Goericke, R., and Chisholm, S. W.: Comparative
Physiology of Synechococcus and Prochlorococcus – Influence
of Light and Temperature on Growth, Pigments, Fluorescence
and Absorptive Properties, Mar. Ecol.-Prog. Ser., 116, 259–275,
1995.
Morel, F. M. M.: Kinetics of nutrient uptake and growth in phyto-
plaknton, J. Phycol., 23, 137–150, 1987.
Moriarty, R. and O’Brien, T. D.: Distribution of mesozooplankton
biomass in the global ocean, Earth Syst. Sci. Data, 5, 45–55,
doi:10.5194/essd-5-45-2013, 2013.
Moriarty, R., Buitenhuis, E. T., Le Quéré, C., and Gosselin, M.-
P.: Distribution of known macrozooplankton abundance and
biomass in the global ocean, Earth Syst. Sci. Data, 5, 241–257,
doi:10.5194/essd-5-241-2013, 2013.
Nejstgaard, J. C., Tang, K. W., Steinke, M., Dutz, J., Koski, M., An-
tajan, E., and Long, J. D.: Zooplankton grazing on Phaeocystis: a
quantitative review and future challenges, Biogeochemistry, 83,
147–172, 2007.
O’Brien, C. J., Peloquin, J. A., Vogt, M., Heinle, M., Gruber, N.,
Ajani, P., Andruleit, H., Arístegui, J., Beaufort, L., Estrada, M.,
Karentz, D., Kopczynska, E., Lee, R., Poulton, A. J., Pritchard,
T., and Widdicombe, C.: Global marine plankton functional type
www.biogeosciences.net/13/4111/2016/ Biogeosciences, 13, 4111–4133, 2016
4132 C. Le Quéré et al.: Role of zooplankton dynamics in the Southern Ocean
biomass distributions: coccolithophores, Earth Syst. Sci. Data, 5,
259–276, doi:10.5194/essd-5-259-2013, 2013.
Parekh, P., Follows, M. J., and Boyle, E. A.: Decoupling of iron
and phosphate in the global ocean, Global Biogeochem. Cy., 19,
GB2020, doi:10.1029/2004GB002280, 2005.
Platt, T., Broomhead, D. S., Sathyendranath, S., Edwards, A. M.,
and Murphy, E. J.: Phytoplankton biomass and residual nitrate in
the pelagic ecosystem, P. Roy. Soc. Lond. A, 459, 1063–1073,
2003a.
Platt, T., Sathyendranath, S., Edwards, A. M., Broomhead, D. S.,
and Ulloa, O.: Nitrate supply and demand in the mixed layer of
the ocean, Mar. Ecol.-Prog. Ser., 254, 3–9, 2003b.
Price, N. M., Ahner, B. A., and Morel, F. M. M.: The Equatorial
Pacific Ocean: grazer-controlled phytoplankton populations in an
iron-limited ecosystem, Limnol. Oceanogr., 39, 520–534, 1994.
Prowe, A. E. F., Pahlow, M., Dutkiewicz, S., Follows, M. J., and Os-
chlies, A.: Top-down control of marine phytoplankton diversity
in a global ecosystem model, Prog. Oceanogr., 101, 1–13, 2012.
Rickels, W., Rehdanz, K., and Oschlies, A.: Economic prospects of
ocean iron fertilization in an international carbon market, Resour.
Energy Econ., 34, 129–150, 2012.
Riegman, R., Flameling, I. A., and Noordeloos, A. A. M.: Size-
fractionated uptake of ammonium, nitrate and urea and phyto-
plankton growth in the North Sea during spring 1994, Mar. Ecol.-
Prog. Ser., 173, 85–94, 1998.
Rivkin, R. B. and Legendre, L.: Biogenic carbon cycling in the up-
per ocean: Effects of microbial respiration, Science, 291, 2398–
2400, 2001.
Sailley, S. F., Vogt, M., Doney, S. C., Aita, M. N., Bopp, L., Buiten-
huis, E. T., Hashioka, T., Lima, I., Le Quéré, C., and Yamanaka,
Y.: Comparing food web structures and dynamics across a suite
of global marine ecosystem models, Ecol. Model., 261–262, 43–
57, doi:10.1016/j.ecolmodel.2013.04.006, 2013.
Sarmiento, J. L., Dunne, J., Gnanadesikan, A., Key, R. M., Mat-
sumoto, K., and Slater, R.: A new estimate of the CaCO3 to or-
ganic carbon export ratio, Global Biogeochem. Cy., 16, 1107,
doi:10.1029/2002GB001919, 2002.
Sarthou, G., Timmermans, K. R., Blain, S., and Treguer, P.: Growth
physiology and fate of diatoms in the ocean: a review, J. Sea Res.,
53, 25–42, 2005.
Schlitzer, R.: Export Production in the Equatorial and North Pacific
Derived from Dissolved Oxygen, Nutrient and Carbon Data, J.
Oceanogr., 60, 53–62, 2004.
Schmidt, M. A., Zhang, Y. H., and Hutchins, D. A.: Assimilation
of Fe and carbon by marine copepods from Fe-limited and Fe-
replete diatom prey, J. Plankton Res., 21, 1753–1764, 1999.
Schoemann, V., Becquevort, S., Stefels, J., Rousseau, W., and
Lancelot, C.: Phaeocystis blooms in the global ocean and their
controlling mechanisms: a review, J. Sea Res., 53, 43–66, 2005.
Séférian, R., Bopp, L., Gehlen, M., Orr, J. C., Ethe, C., Cadule, P.,
Aumont, O., Melia, D. S. Y., Voldoire, A., and Madec, G.: Skill
assessment of three earth system models with common marine
biogeochemistry, Clim. Dynam., 9–10, 2549–2573, 2013.
Simmons, A., Uppala, S., Dee, D., and Kobayashi, S.: ERAInterim:
New ECMWF reanalysis products from 1989 onwards, ECMWF
Newsletter, 110, 25–35, 2006.
Smetacek, V. and Naqvi, S. W. A.: The next generation of iron fer-
tilization experiments in the Southern Ocean, Philos. T. Roy Soc.
A, 366, 3947–3967, 2008.
Smetacek, V., Assmy, P., and Henjes, J.: The role of grazing in struc-
turing Southern Ocean pelagic ecosystems and biogeochemical
cycles, Antarctic Science, 16, 541–558, 2004.
Smetacek, V., Klaas, C., Strass, V. H., Assmy, P., Montresor, M.,
Cisewski, B., Savoye, N., Webb, A., d’Ovidio, F., Arrieta, J. M.,
Bathmann, U., Bellerby, R., Berg, G. M., Croot, P., Gonzalez,
S., Henjes, J., Herndl, G. J., Hoffmann, L. J., Leach, H., Losch,
M., Mills, M. M., Neill, C., Peeken, I., Röttgers, R., Sachs, O.,
Sauter, E., Schmidt, M. M., Schwarz, J., Terbrüggen, A., and
Wolf-Gladrow, D.: Deep carbon export from a Southern Ocean
iron-fertilized diatom bloom, Nature, 487, 313–319, 2012.
Steinberg, D. K., Van Mooy, B. A. S., Buesseler, K. O., Boyd, P.
W., Kobari, T., and Karl, D. M.: Bacterial vs. zooplankton con-
trol of sinking particle flux in the ocean’s twilight zone, Limnol.
Oceanogr., 53, 1327–1338, 2008.
Steinberg, D. K., Lomas, M. W., and Cope, J. S.: Long-term in-
crease in mesozooplankton biomass in the Sargasso Sea: Link-
age to climate and implications for food web dynamics and
biogeochemical cycling, Global Biogeochem. Cy., 26, GB1004,
doi:10.1029/2010GB004026, 2012.
Stemmann, L., Picheral, M., and Gorsky, G.: Diel variation in the
vertical distribution of particulate matter (> 0.15 mm) in the NW
Mediterranean Sea investigated with the Underwater Video Pro-
filer, Deep-Sea Res., 47, 505–531, 2000.
Stock, C. A., Dunne, J. P., and John, J. G.: Drivers of trophic am-
plification of ocean productivity trends in a changing climate,
Biogeosciences, 11, 7125–7135, doi:10.5194/bg-11-7125-2014,
2014.
Straile, D.: Gross growth efficiencies of protozoan and meta-
zoan zooplankton and their dependence of food concentra-
tion, predator-prey weight ratio, and taxonomic group, Limnol.
Oceanogr., 42, 1375–1385, 1997.
Sunda, W. G. and Huntsman, S. A.: Iron uptake and growth lim-
itation in oceanic and coastal phytoplankton, Mar. Chem., 50,
189–206, doi:10.1016/0304-4203(95)00035-p, 1995.
Tagliabue, A., Mtshali, T., Aumont, O., Bowie, A. R., Klunder, M.
B., Roychoudhury, A. N., and Swart, S.: A global compilation
of dissolved iron measurements: focus on distributions and pro-
cesses in the Southern Ocean, Biogeosciences, 9, 2333–2349,
doi:10.5194/bg-9-2333-2012, 2012.
Taylor, K. E.: Summarizing multiple aspects of model perfor-
mance in a single diagram, J. Geophys. Res., 106, 7183,
doi:10.1029/2000JD900719, 2001.
Tegen, I., Werner, M., Harrison, S. P., and Kohfeld, K. E.: Rela-
tive importance of climate and land use in determining present
and future global soil dust emission, Geophys. Res. Lett., 31,
L05105, doi:10.1029/2003GL019216, 2004.
Timmermans, K. R., van der Wagt, B., Veldhuis, M. J. W., Maat-
man, A., and de Baar, H. J. W.: Physiological responses of three
species of marine pico-phytoplankton to ammonium, phosphate,
iron and light limitation, J. Sea Res., 53, 109–120, 2005.
Timmermann, R., Goosse, H., Madec, G., Fichefet, T., Ethe, C.,
and Duliere, V.: On the representation of high latitude processes
in the ORCA-LIM global coupled sea ice-ocean model, Ocean
Model., 8, 175–201, 2005.
Tollefson, J.: Ocean-fertilization off Canada sparks furore, Nature,
490, 458–459, 2012.
Biogeosciences, 13, 4111–4133, 2016 www.biogeosciences.net/13/4111/2016/
C. Le Quéré et al.: Role of zooplankton dynamics in the Southern Ocean 4133
Tréguer, P., Nelson, D. M., Van Bennekom, A. J., DeMaster, D. J.,
Leynaert, A., and Quéguiner, B.: The silica balance in the world
ocean: a reestimate, Science, 268, 375–379, 1995.
Turner, J. T.: Zooplankton fecal pellets, marine snow and sink-
ing phytoplankton blooms, Aquat. Microb. Ecol., 27, 57–102,
doi:10.3354/ame027057, 2002.
Vallina, S. M., Follows, M. J., Dutkiewicz, S., Montoya, J. M., Cer-
meno, P., and Loreau, M.: Global relationship between phyto-
plankton diversity and productivity in the ocean, Nature Com-
munications, 5, 4299, doi:10.1038/ncomms5299, 2014a.
Vallina, S. M., Ward, B. A., Dutkiewicz, S., and Follows, M. J.:
Maximal feeding with active prey-switching: A kill-the-winner
functional response and its effect on global diversity and bio-
geography, Prog. Oceanogr., 120, 93–109, 2014b.
Vogt, M., O’Brien, C., Peloquin, J., Schoemann, V., Breton, E.,
Estrada, M., Gibson, J., Karentz, D., Van Leeuwe, M. A.,
Stefels, J., Widdicombe, C., and Peperzak, L.: Global marine
plankton functional type biomass distributions: Phaeocystis spp.,
Earth Syst. Sci. Data, 4, 107–120, doi:10.5194/essd-4-107-2012,
2012.
Wang, S. and Moore, J. K.: Incorporating Phaeocystic into a South-
ern Ocean ecosystem model, J. Geophys, Res., 116, C01019,
doi:10.1029/2009JC005817, 2011.
Wanninkhof, R.: Relationship between wind speed and gas ex-
change over the ocean, J. Geophys. Res., 97, 7373–7382, 1992.
Watson, A. J., Bakker, D. C. E., Ridgwell, A. J., Boyd, P. W., and
Law, C. S.: Effect of iron supply on Southern Ocean CO2 uptake
and implications for glacial atmospheric CO2, Nature, 407, 730–
733, 2000.
Weber, T. and Deutsch, C.: Oceanic nitrogen reservoir regulated by
plankton diversity and ocean circulation, Nature, 489, 419–422,
2012.
Weber, T. S. and Deutsch, C.: Ocean nutrient ratios governed by
plankton biogeography, Nature, 467, 550–554, 2010.
Zollner, E., Hoppe, H. G., Sommer, U., and Jurgens, K.: Effect
of zooplankton-mediated trophic cascades on marine microbial
food web components (bacteria, nanoflagellates, ciliates), Lim-
nol. Oceanogr., 54, 262–275, 2009.
www.biogeosciences.net/13/4111/2016/ Biogeosciences, 13, 4111–4133, 2016
